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FOREWORD 

This report has had classified material removed in order to 
make the information available on an unclassified, open 
publication basis, to any interested parties. This effort to 
declassify this report has been accomplished specifically to 
support the Department of Defense Nuclear Test Personnel Review 
(NTPR) Program. The objective is to facilitate studies of the 
low levels of radiation received by some individuals during the 
atmospheric nuclear test program by making as much information 
as possible available to all interested parties. 

The material which has been deleted is all currently 
classified as Restricted Data or Formerly Restricted Data under 
the provision of the Atomic Energy Act of 1954, (as amended) or 
is National Security Information. 

This report has been reproduced directly from available 
copies of the original material. The locations from which 
material has been deleted is generally obvious by the spacings 
and "holes" in the text. Thus the context of the material 
deleted is identified to assist the reader in the determination 
of whether the deleted information is germane to his study. 

It is the belief of the individuals who have participated 
in preparing this report by deleting the classified material 
and of the Defense Nuclear Agency that the report accurately 
portrays the contents of the original and that the deleted 
material is of little or no significance to studies into the 
amounts or types of radiation received by any individuals 
during the atmospheric nuclear test program. 
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• ABSTRACT 

Detonation Locator System AJj/G3G-'i   was tested "by U3ASMDL 
durinc Operation Plimbbob. This system detcmlnes the location and 
the burst time of a nuclear detonation by detection of the low- 
frequency electromagnetic pulse r.idiatcd from the detonation. 

Two sets of triplet receiving stations were operated at about 
1300 miles from the Nevada Test Site. The detonation locations were 
determined by inverse loran. The time difference measured was that 
hetveen the detonation pulse arrivals at a triplet's outlying 
stations. Measurement was made at the central station from oscillo- 
scope displays after the pulses were relayed there by microwave 
radio. Uavefoms of pulses and sferics were recorded on still film 
for detail, and on continuously moving film for manual-visual time 
difference of arrival measurements. 

The average error in lines of position of the detonation 
points was 0.8 miles, and the average fix error was 2.6 miles. Burst 
times of the detonations were determined \7ithin a few milliseconds. 
Radiation was not detected for the underground shot, very heavily 
shielded shots, and very-low-yield shots. 

V/aveform measurements corresponded to those observed in 
X-irevious tests and indicated waveform-yield relations which varied 
uith distance cand propagation conditions. Field strength varied as 
the cube root of yield. Ground and sky wave components were 
estimated from the observed waveform, and an increase of shy i/ave 
delay with yield was noted. Many sferics waveforms were similar to 
those of nuclear detonations, but it was possible to recognize the 
nuclear-generated em pulse during heavy sferics, often without 
]aiowledge of exact time of detonation. 

It was concluded that Detonation Locator System AIl/GSS-k 
was adaptable for a nuclear detonation detection system at Army 
tactical ranges. 



(C) PREFACE 

The equipment tested during Operation Plurabbob vas designated as 
Detonation Locator System AN/GSS-4.    It vas intended for friendly fire 
only--where the approximate location and time of a nuclear detonation 
were kno'wn in advance. 

Subsequent to Operation Plumbbob, Detonation Locator Central 
AN/GSS-5(  ) vas designed.   This later system lias dual capabilities; it 
can locate friendly dejtonations, and can locate enemy detonations by means 
of continuous omnidirectional surveillance, but with less accuracy.    Two 
types of the AN/GSS-5( ), electrically and functionally equivalent except 
for the housing, have been designed.    The M/GSS-5(XE-l) is mounted in 
semi-trailers; the AK/GSS-5(XE-2) is mounted in shelters and is designed 
for helicopter lifts. 
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fü)  ABBREVIATIONS AND SYlfflOIS 

CF Cathode follower receiver 

CWJR Continuous wave recording 

E Field strenpth in volts per meter 

e Line of position error 

€ Fix error 

em Electromagnetic 

fp Ground wave peak spectrum amplitude 

H Antenna height 

LOP Line of position 

SWR Single wave recording 

AT Time difference of arrival 

TDA Time difference of arrival 

TDG Time delay generator 

Tp Time to first crossover 

Vg Voltage developed in antenna 

V^ Voltage input at cathode follower 

V^ _ Calibrated voltage Input at cathode follower 

VDS Vertical deflection sensitivity 

VTIM Vernier time Interval measuring system 

Y Yield 

0 Crossing angle of lines of position 
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CHAPTtlR 1 

INTRODUCTION 

(C)   OBJECTIVES 

The primary objective of the electromagnGtic (em) detection system 
portion of Project 50.3, Desert Rock VII and VIII, Operation Plunbbob,* 
was to field test a breadboard model of Diitonation Locator System 
AN/GSS-hp      : This system was designed to determine the location and 
time of a nuclear detonation. The locator utilized the low-frequency 
era radiation from the detonation and was operated at a 500-iaile  range. 

Additional objectives of the project were: (1) to record and study 
waveforms, received at this range, of the signals generated by nuclear 
detonations,to add to knowledge of the signals' characteriatics;. (2) to 
analyze the signals for information on characteristics of the devices, 
such as yield and number of stages; (3) to add to knowledge of those 
propagation effects which influence the signal waveforms; (4) to study 
the em signals due to lightning discharges, i,e. sferics, with the aim 
of reducing their influence as a noise source. 

(C) BACKGROUND 

For several years, USASRDL has been developing a system for the 
detection of the low-frequency electromagnetic radiated pulse from a 
nuclear detonation, in order to determine the location of the detonation 
in space and time, and to estimate the detonation yield. This system is 
to be used for confinaing the burst location of friendly nuclear detona- 
tions and may be used for surveillance of enemy nuclear detonations in an 
army tactical area. The nomenclature Detonation Locator System Ali/GSS-k 
was assigned in May 1957 to the system of equipments as used in Operation 
Plumbbob. 

Quantitative measurements of the em pulse have been made, starting 
with Operation Buster-Jangle (1951). Several agencies have participated: 
LASL, to obtain diagnostic information on the mechanism of the detonations; 
NBS, to obtain informatimi on signal propagation effects and related 
natural noise; I      jAFCRC, to develop detonation-locating systems to 
operate at long and meSIum ranges (greater than 500 miles); and USASRDL^ 
to develop a detonation-locating system to operate at medium and short 
ranges (less than 500 miles). All the above studies have also been con- 
cerned with the relation of the era signal to the detonation parameters. 

At USASRDL many system concepts for locating nuclear detonations by 
the detection of the radiated em pulse were studied. In all, some fourteen 
system concepts were examined, based on crossed-loops, one- and two-clock 
aystems , short and long baselines, etc. It was determined that an inverse 
loran system using short baselines was the most promising for a short-time 
(I956-I962) development program. 

*Table 1 gives a summary of Plumbbob events. 



USASRDL has been participating In the nuclear test program to study on 
effects since Operation Tumbler-Snapper (1952). The objective In some test 
operations, e.g. Operation Redwing , was to record and analyze waveforms, and 
in Operation Teapot^-the objective was to determine the feasibility of location 
by detection of the em pulse. Two early concepts of a nuclear-detonation 
locator system were tested in Operation Teapot at ranges of 60 miles and 
200 miles. The use of Detonation Locator System AN/GSS-4 during Operation 
Plumbbob was an experiment to evaluate the improved system concept. 

(C) THBOflY 

The detonation locator system utilizes a hyperbolic locating technique 
called inverse loran, which is related to the loran system of navigation*. The 
inverse loran technique locates a tranBmltter by measuring the time difference 
of arrival of its signal at appropriately located paired receiving stations. 
Each time difference of arrival corresponds to a transmitter location anywhere 
along a specific hyperbola of a family of hyperbolas which have foci at a 
pair of receiving stations. Two intersecting hyperbolas, (which may be chartet 
each from a different family, are required to obtain a fix. The  location is 
detennined with respect to the known positions of the receiving stations. 

In this application of inverse loran to the location of nuclear detonation 
the electromagnetic burst of radiation generated by the detonation is the 
transmitted signal and the time differences of arrival must be determined from 
this single transient. 

The em signal is a pulse which has its predominant energy in the very low 
frequency region, and has components of lower energy at higher frequencies. 
The duration of the generated pulse is short, usually lees than 100 microsecond! 
and the duration increases with the size of the burst* The radiated energy 
in the pulse is veiy great, giving field strengths of hundreds of volts per 
meter near the source. The  received signal is influenced by propagation 
effects; it shows great attenuation in energy with distance and a lengthening 
of pulse duration due to superposition of reflected waves. Postulated 
mechanisms for the generation of the pulse are discussed in Reference k. 

METHOD 

(C)Time Difference of Arrival 

The signal generated by the detonation was received by two stations, 
which instantaneously relayed the siipwl to a third station located between 
them.    Theae relayed signals were mixed with time mrt.ers and displayed on an 
oscilloscope«    Then the display was phototraphod.    'Jho tlac difference of 
arrival (TDA) was determined by cociparing the ]>ooltions of the signals and 
the time markers on the photographs. 

(C) Time of Detonation 

The time of a detonation wn» del •■lined by eorsparinr. vl th an abso- 
lute time standard   the arrival time of the clectrcrAj-.ttic signal which the 

mm 



dotcnation QtflHir.tbcdi    Tiiuiiv.; «us accomplijli'.d by •t-',;.iii.'C a flAtill i<h:trrivi:h 
of a couIlt^'^• at UM ftnctint tlv; BtOfKil vriu roeolv^d and lli-.r r^Pori-in", llv: 
rOoAiOQ to a provljilt:ly ectabllohi'd Station WV/V rotatx-nQn tUi: rc-n/Jin,';. 
Doth the countur and tho occillocoope dJ..';pl'iy Mmti'jn<^] ubuva vcr--- mcordod 
to^ethei' on r. cuntInuouü-strlp film.    WV/V tiMO D».».u n.-ccl a;; tlv r^forcnco^ 
sinco all tetonntiOltS vore -jclioduled vlth refoi-cncc to tiatt tJranlo fro i 
MfVi    Tlio teclmiquc ucod ruido it poccihlc to tim-. on event to an accuracy of 
i 1 millisecond. 

(C) V:avexonii Rccprdinry 

Recordln^j of vravofonru vrare obtained by tve methodc.    In the firot method, 
onc'.llosraphs of the direct oirpial arriving at a ütatlon were i'ccorded on ■ 
single-frame caraera.    In this report  such an oseillo^'aph recording is called 
a Single Wavefoi'm Recording! (SWR).     In the second method, oücillo^raphc of 
tlie relayed or indirect cicnal used in the inverse loi-an location system uere 
recurded on a continuous-strip film.    This recording" is called a Continuous 
Waveform Recording (CIVR). 

In the SWR method, at each of the stations operating during Project 50.3; 
the electromatpietic pulse was detected by a vertical probe antenna which was 
connected to a cathode-follower receiver (CF).    The output of the CF was 
displayed on several oscilloscopes and photosraphed by slncle-frame camei-as 
attached to the front of each oscilloscope.    In order to display the initial 
portion of a   waveform,, a delay was inserted beUraen the CF output and the 
vertical-amplifier input of each scope      while a tricgar output of the CF was 
fed directly to the cweep-triecer input of the scope.    Thus the oscilloscope 
sweep was Initiated before the signal was applied to the vertical amplifier. 
To avoid or reduce multiple exposures In the single-frame cameras, the lens 
of each camera was opened for a short period (one to three seconds) before 
the signal arrived and was closed Imnedlately after Its reception. 

In the CWi{ method, the eloctrcmaf^stic signal was received at two cutlyinr; 
sites, each of which relayed the signal, via video microwave links, to a master 
station located between them.    At the master station, each relayed signal wt 
applied to one of a pair of adjacent oscllloscopRs and photographed by one 
contlnuouo-strlp-fllm camera.    The sweep on each oscilloscope was triQOTOd 
by the em pulse received directly at the nosttV station.    The direct pulse 
was always rece5 ved at the master station before the Jniircct or relayed 
pulse;    therefore the sweeps wore Initiated before the indirect signals were 
applied to the oscilloscope. 

Sferics occur at random intervals; therefore the continuous-strip-film 
camera could be employed advantageously to record their i;avefonns.    The 
technique was the same as that used for recording electromagnetic signals 
from nuclear detonations. 





CitAFi'KH 2 

Sl'l'ii LOCATIONS 

(C)   llio tsyatcm uncd in Project 50.3 cy. r.i •,'<:■• n  of V. :> trlrOL-ifco, «nch of rhich 
was nado uj) of a innnlor station and two SIAVO ntabions. Tho triplets were 
nrjn^d from the mr.tcr station cites—hence the names CaplTJa Triplet and 
Ülc<-:;on Triplot. The six sites vcrc located iU)proxIi;.n,Ue.ly 500 miles from 
the Nevada Test Site, In central New Mexico and in the southeast corner of 
Arizona. 

Figaro 1 is a map shoving the Geooraphical locations of all stations, 
approximate distances to the Nevada Test Site, and distances between stations. 

Table 2 lists the station locations and their altitudes. These exact 
locations, detemined by land surveys, were used in later computations. 

Table 3 lists the computed distances and sißnal propagation times in 
microseconds between stations. 

(U)   HBU 2 STATION LOCATIONS AIID ALTITUDKS 

Location 
Altitude 

above 
tStation              Function Latitude         |          Longitude Sea Level 
'                                                                      CapilJi    Triolet feet 
Sandia Crest* 
Capilla Peak* 
Iä Joya* 

Slave 
Master 
Slave 

35° 12' 15.029" 
3U0 in« 53.151" 
3U0 20' U2.856" 

1060 26« 29.798" 
IO60 2v 12.846" 
106° 54' 12.535" 

10,199 
9,327 
5,037 

- Gleeson Triplet 
Rustler Park** 
Gleeson** 
Reef's Mine** 

Slave 
Master 
Slave 

31" 55« 07.OI" 
31° «O1 3^.50" 
31° 25' ^6.09" 

109u 16' 30.54" 
109° 51' 48.67" 
110° 16« 56.16" 

~B,38o 
5,169 
7,096 

*Probe Antenna Locations 
**Microwave Tower Locations 

(U) TABLE 3   DISTANCES AND TIMES BETHEEN STATIONS 

Distance                              Time 
Stations Miles      f       ion                     usec 

1                                                                Cntd.lla Trii).iot                                            I 
Sandia Crest to Capilla Peak 
LaJoya to Capilla Peak 
Sandia Crest to LaJoya 

34.8 
37.2 
64.6 

56                   I87.69 
60                   201.28 

104                  347.82 
1                                                                Gleeson Triplet                                            1 
Rustler Park to Gleeson 
Reof'sMlne to Gleeson 
Rustler Park to Reef's Mine 

37.2 
32.3 
68.4 

60 
52 

UO 

199.02 
172.18 
366.45 

1530.55 Capilla Peak to Gleeson 2Ö6.0 461. 

»Computed on the basis that velocity of propacation is .299,708 kw/usec 



The electromagnetic (em) pulse received by each olave station was relayed 
to its master station by means of a mlcrovave radio link, which required that 
radio line of sight exist between each master station and its slave stations. 
To accomplish this, four test sites were located on mountain peaks. Two vere 
on the desert plains. Flcures 2 through ^ are photographs of each of the sta- 
tions, showing antennas, vans, shelters, and surrounding terrain. 

In some cases there were obstacles between the selected sites and the 
Hevada detonation site^. Figures 8 through 13 show the profiles of the first 
few miles of the paths between each of the six receiving sites and the Nevada 
detonation area. 

f C) Capilla Triplet 

Capilla Peak was in New Mexico, approximately ho miles south of Albuquerque. 
Its inmedlate vicinity vas devoid of trees and its altitude was approxlinately 
9,300 feet. No obstacles to the em pulse were present for sixty miles or more. 
The associated slave stations were at Sandia Crest and LaJoya, located north 
and south of Capilla Peak, respectively. Sandia Crest vas at an altitude of 
approximately 10,500 feet on a densely wooded mountain overlooking the Rio Grande 
valley. There was an obstacle in the direction of the Nevada test site; however, 
this did not prevent reception of the era pulse. LaJoya was located on the 
desert floor at an altitude of 5,000 feet. The ground conductivity there was 
poor. There were no obstacles in the path of the em pulse in the imediate 
vicinity. 

(C)Glgason Triplet 

Gleoson was located in southeast Arizona, 20 miles north of Bisbee, on a 
desert plain at an altitude of 5^100 feet. The  ground conductivity in this 
area was poor. The two associated slave sites were at Reef's Mine, southeast 
of Gleeson, and at Rustler Park, northeast of Gleeson, both in densely wooded 
areas. Reef's Mine was at an altitude of 7*000 feet and had no obstructions in 
the immediate vicinity. Rustler Park was at an altitude of 8,1+00 feet, and in 
a depression, a location which prevented an open view in the direction of the 
Nevada test site. 

INSTRUMENTATION 

(u)    The slave stations 1) acted as relay station^ in the continuous wave re- 
cording (CWR) system, 2) served as recording stations for single wave recordings 
(SWR), 

The riaoter station 1) received and recoi'ded ths direct and indiract em 
signals, 2) ascertained the absolute "iine of arrival of the em pulse, 3) de- 
termined the time difference of arrival (TDA). 

Figures Ih and 15 are photos chowlng some of the instrumentation at a 
slave and a master station, respectively. 
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Flcuro lü io a bloc), diacvam of the instnuuonlai/lon at cacli of the tvo 
triploLr..    Tho Jhr-.tnuiiviiLiLIoti io Aoooriliod in the foiloulTi;; inraci'^phc. 

(C) P1'0^6 Antenna 

A vertical probe antenna was used at each station for detect Inß the em 
signal generated by the detonation.    The probes were located    either on the 
roof of the operation van or on a wooden shelter.    Figure 17 illuatrates one 
of the probes and its ground plane.    When the probe MM mounted on the van, 
the van itself, grounded at the four corners, constituted the ground p]ane. 
When the probe was mounted on the shelter, the ground plane for the probe 
was constructed of sections of l/2-inch wire mesh soldered together and mounted 
on the shelter to form a plane of approximately 150 square feet.    The plane was 
grounded by several grounding rods driven into the earth. 

The probe was constructed from sections of an AH/GRA-h antenna kit, and 
ths antenna height could be adjusted by the addition or removal of sections. 
Each section was 30 inches (O.76 meter) long, and the tip was 11 inches (0.28 
meter) long.    Because of the short length of the probe^relative to the wave- 
length, the probe was not frequency-sensitive.    Its effective height was taken 
as being equal to approximately one half of its actual height.5   Antenna effec- 
tive height is discussed in Chapter 3. 

(tl) Cathode Follower Receiver 

The probe antenna led directly to an impedance-matching device designated 
as the cathode follower receiver (OF) which coupled the high impedance of the 
probe antenna into the low impedance of the coaxial cables feeding other equip- 
ment. 

Figure 18 shows one arrangement of antenna and cathode follower. 

Figure 19 is the schematic diagram of the CF. 

Figure 20 is the equivalent input circuit, discussed in the next paragraph. 

Co. 

T Cs 
T 
Vi 

1 
(tl)    Figure 20 Equivalent input circuit 

The cathode follower frequency response curve is shown in Figure 21.    The 
response of the CF was nearly flat from below 1 kc to beyond 10 Mc and Its gain 
was approximately 0.3 over this frequency range.   ThQ wide bandwidth was 
achieved by using the EFP 60, a secondary emission type tube, in the CF. 

17 
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(i|)Input Circuit 

The capacitance of the probe antenna varied nearly linearly vith Its 
phyolcal length (see Table h),  rancing from 31 uuf for one section to 110 uuf 
for 11 sections. Since no provision vas mude for controlling the gain of the 
CF, to maintain the input voltage within the dynamic range of the receiver, it 
vas necessary to vary the length of the probe. This changed the probe capacity, 
and since this capacity was comparable to the input capacity of the CF, the 
voltage developed across the Input was affected by this change In capacity as 
well ao by the actual voltage induced In the probe, 

(U) TABLE k HEIGHT AIID CAPACITANCE OF PROBE ANTErfHA 

No. of 
Sections 

Height* Capacitance 
uuf Inches Meters 

1 «a l.Olf 31 
2 71 1.Ö0 Hk" 
3 101 2.57 m 
k 131 3.33 57 
5 161 4.08 65 
6 191 4.85 72 
7 221 5.61 82 
Ö 251 6.38 ■ 
9 2Ö1 J.lk 96 

10 311 7-90 103 n ü 8.66 110 

* Sections plus 11-lnch tip. 

Figure 20 Is the equivalent circuit of the probe and Input of the CF. 
Applied voltage will vary according to the expression3-: 

(1) 
jaftfcf&Jj (Ca -PCs) + 3] „ 

«^R2 (Ca + C8)2 + 1 ]   a 

where V^ B voltage input to CF 

Va = voltage in antenna 

Ca s capacity of antenna 

CB r combined stray capacity and input capacity to cathode 
follower ■ 27 uuf (measured) 

R ■ Input resistor to cathode follower ■ approximately 330,000 ohms 

The ratio of Vi to Va varied with frequency and the number of probe 
sections,.as shown in Figure 22. In calculating the signal field strengths 
(see Predicted Field Strengths, Chapter 3), these variations were taken into 
account. 
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f C) tS^WSS.  GoneiTitor 

The tricßer Generator, which was part of the CF unit (oeo ri[jht oide of 
Figure 19)/ produced a pulse of fixed amplitude, usually set at ^ to 6 volts, 
wlien the received signal level exceeded a predetermined level. Previous tests 
have shown that the initial portion of the em pulse from a low-altitude nuclerr 
detonation is necative-going and the trigger generator was therefore designed 
for negative-going signals. 

The trigger puJ.se Initiated the oscilloscope swuu-p before the application 
of the em signal, so that the initial portion could bo recorded. Since it was 
unJer-irable to permit low-level negative noise signals to generate a sweep 
trigger pulse, a trigger sensitivity control was included. This cont ol varied 
the bias on the first staße of the monostable multivibrator in the 1 rigger 
generator. The bias had to be set high enough to prevent excessive triggering 
by ambient noise, but low enough to permit triggering by the desired em pulse. 
The correct setting was difficult to determine, since each test was a single- 
shot operation, and values of predicted field strengths were not reliable. 
This adjustment is discussed further in Equipment Settings, Chapter 3» 

IU)Coaxial Cable Delay Line 

Before the electromagnetic pulse was fed to the oscilloscope for recording 
as an SWR, it was passed through a long coaxial cable which served as a delay 
line. Tills  delayed the signal until the sweep could be initiated by the trigger 
pulse. Although the amount of delay was usually insufficient to permit display 
of the very beginning of the pulse, it did allow reasonably accurate extrapolation 
of the recorded signal to the breakaway or start; of the pulse. 

To insure recording of the breakaway, a delay time of at least 3 micro- 
seconds was necessary; this required approximately 2000 feet of cable. Each 
slave station had available only 500 feet of RG-58 or RG-9 coaxial cable, which 
provided a delay of approximately 0.7 usec. Under conditions with a high 
signal-to-noise ratio, a delay of this magnitude was sufficient, since the 
sensitivity of the trigger generator could be made high and therefore it could 
be triggered by the very early portion of the initial rise of the em pulse. 

(U) Oscilloscopes and Cameras 

Each station had one or more oscilloscopes and cameras which were used 
as display and recording devices. Figure 23 is a photo of a typical installation 
of camera and oscilloscopes. 

The oscilloscopes were either Hewlett-P-okard Type 150 or Tektronix Type 
535; they were high-frequency types capable of displaying signals up to 10 Mc 
at sweep rates as fast as 0.01 usec/cm. Each oscilloocope displayed from 10 to 
11 cm of the signal on a P-ll type cathode-ray tube. The P-ll phosphor peaks 
at h600 Angstrom units and has a relatively short persistence, 2 milliseconds, 
which is ideal for photographic purposes. The sweep rates used were generally 
5, 10, and 20 usec/cm, with the vertical deflection sensitivity adjusted to give 
3 to 5 cm of peak-to-peak deflection. The scopes were operated with the lowest 
possible intensities, to permit sharp focus and high resolution. 
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To roconlfin the SUR method, the transient dicpJ-nyod on tho catlioflc-ray 
tube, a very fnr.t lenn and highly censitive film vcrc requlrtvl. The Miaera 
used, Dumont Typo  29O, ha vine an f/l.5 lens, and Kodo]; Trl-X film, met the 
recjuiraacnts. 

In the CWR method at the master station, an open-ohutter ßtrlp-fllra 
ciunera rccoi-ded the slcnals relayed by both slaveii. Thin  camera was a 
Laboratory-modified PII-330K built by the Camera-Flex Corporation. It had an 
f/2.8 lens and a capacity of kOO feet of 35-ma film. Film velocity was con- 
tinuously adjustable from 0 to 2k in/sec. To permit daylight i'ecordins of 
the display, the camera was attached in front of two oscilloscopes under a 
special hood which had been constructed. The shutter was open at all times 
when a sicnal might bo displayed. A mechanical counter was houned in the 
hood and It was positioned so that a counter nmbcr appeared between the 
two' sicnais recorded on the oscilloscope. The numbers on this counter were 
related to time as given by. signals from Station.WV. This.time was. estimated 
to be accurate^ within 1 millisecond. Figure U?, in Chapter h,  shows a 
recording of a' typical CWR display. 

(C) Radio Set AN/TRC-29• 

As previously stated, the purpose of the slave stations was primarily to 
receive the em pulse directly from the nuclear detonation and relay it to the 
master station. 

Microwave Radio Set AN/TRC-29 was used for relaying the signal. This set 
Is frequency modulated and con transmit a video signal having a bandwidth from 
30 cpa to U.5 Mc. The video signal was supplied in this operation by the signal 
output of the cathode follower receiver. The AN/TRC-29 operates in the I700- to 
21+00-Mc band, and reliable propagation is limited to line-of-sight distances. 
TM II-689 8tates7that the path should pot exceed 30 miles. This 30-mile limit 
was found to be conservative, as acceptable communication was obtained beyond 
37 miles, and fair results were observed from a distance of 6k miles. 

This equipment uses duplexers to permit the use of a single antenna for 
both transmission and reception at each station. The radio-frequency trans- 
mission line between the duplexer and antenna consists of a single conductor 
with a special dielectric coating which effectively prevents radiation loss at 
the frequency employed. The antenna is a horn-fed parabolic reflector eight 
feet in diameter, moimted on on AB-216/U tower (see Figure 2k), 

The AK/TRC-29 also has facilities for an order-wire circuit which is in- 
dependent of the video channel and is useful for voice communication between 
stations. .  > 

(U)Timer 

A millisecond timing device placed the time of the signal arrivals within 
several milliseconds of absolute world time. It consisted of a mechanical 
counter driven by a »ynchronous motor (see Figure 25). Each wheel had ten 
digits and turned 1/10 of a revolution for each complete revolution of the 
preceding wheel. The last wheel (extreme right) had ten double digits and 
five graduations between each. Tills wheel was driven at ten revolutions per 
second, so that each graduation represented .002 second and time could be read 
to within ,001 second. The counter ran 2 hours and k6 minutes before recycling 
took place. 



( U)     Figure 23   Mechanical Counter 

The accuracy of the tJjaer depended on the O-76/U Crystal Oscillator. The 
synchronous motor which turned the mechanical counter vas fed by a power 
amplifier which derived Its 1-kc time base directly from the O-76/U Crystal 
Oscillator. This crystal vas stable to within 1 part In ICr (after approxi- 
mately 2k hours vazm-up time). Inaccuracy of the timer due to drift of the 
oscillator over a short period of time—1 hour or so—-was of the order of h 
parts In 1010, which Is equivalent to 4 x 10"^ microseconds. 

The error accumulated In one hour due to the crystal being off frequency 
by a parts In 10° may be calculated from the following considerations: Hie 
synchronous motor turns at a rate such that the mechanical timer registers 
.001 second for each cycle of voltage applied to the motor. If the crystal la 
In error by a parts In 10°, each unit on the counter will In fact correspond 
to 1 jt a ^-O seconds, and a one-hour Interval will actually correspond to 

[3600 seconds x t*$] or  (3600 ±  .0036 a seconds) 

the error being £ .0036 a seconds. If the error  Is, for example, 1 part 
In 10 , the error would be .0036 second for the one-hour period. Since reference 
time, or the fiducial, vas usually established less than 10 minutes before the 
arrival of the en pulse, the accumulation of error would actually be less than 
.0006 seconds Observations Indicate that any crystal error was much less than 
1 part in 10°. It was concluded that the timing error due to any Inaccuracy 
In Oscillator O-76/U was small enough to be neglected In the millisecond time 
reference measurements. 

The mechanical counter turned continuously as It measured time. As each 
em pulse vas received at the master station. It Initiated or triggered an elec- 
tronic flasher, which In turn illuminated the counter. The flash duration vas 
approximately 20 usec. This effectively "stopped" the counter for photographic 
recording. 

The timing system, Figjire 26, is explained below. 

(u)Tlme Delay Generatore 

Two time delay generators (TDG) were Included in the master station system 
for measuring the time difference of arrival of the em pulse at the slave 
stations. A trigger pulse. Initiated by the em signals directly received by 
the master station cathode follower, was applied to the Inputs of the two TDO's. 
Hie output of each TOO was connected to the sweep trigger of one of the CNR 

2k 



m o 

-J     Üf- 
I 

u: 
d 

=   Sol 

«DO 

oo 

T 

u 
8 OUJH 

«« M U. 
ac -J — 
>■ =>x 

Z u 
»-5 

SCO 

? o~-* 

o tu 
ao- 
i — 

>- 

O 3C >- 
«e co ^ 

o _JO- 
UJ u-r» 
-i        CO 

o 
,000 

>- 

i 
CO 

Ul 

at o 
Ui 

-<J ' 

2:ui 

os-t 
CO 

—<] 

<Ui 

O 3 
— o 
o o 

CO 

s 
CO       •« 
Ui        Op 

a: e.     Ul 
» o »«S 
oo     •< ^ 

co      o^ 
S 

S 

XK 

— o 
cox 

| 
CO 

u> 

o 

■H 

to 
oi 

s 

ir 

O <6 

oc a 

-M- 

ZUJ 
o >■ 

U «J 

xi- 
ao 
— o 
CO CO 

25 



dl-vluy OMvLlloi'.cojx.-». Xliiii In ofl'uot d'.-l^y/.i Uio r'.....•CJ;.J on l.'.t.h fe.^cil] )r.cc>pQ| 
untjl tho rl'inlc i-'.-layixl from nach nlnvu nri'lvwl« Dol&ying Llit QtillH. or tiie 
fiViSCp nlrio rcji.ilttt-'d tlio duiatlon of Llic rn/o. p to La rhoi't'tr.    In i'rurl,   tliQ 
duraläon of tho (iwocy could bo cloac to iho v/.p HtLcä  diuutdon of tliy r.jjjiil, 
nnd the dieplny of tha lii^Kll could be cxinud-jd for rlirout  the full vidtli of 
the oscilloacope face. 

Tlie TiXI'c v;ere Dumont l^po 326 units, vhich accepted a tri^rcr puloe of 
either polarity and {jcmirated a 20-volt pulue up to 10,000 raicrot;icondc Ic.ter. 
The delay ^^as continuously adjustable ;dth an f.cciu-aey of 1^. UM i'ice time 
of the delayed trißcer iras approximtely 0.2 mjcro;ieco)id. 

( U) Time I'wkcr end l-ü.>:er 

A tine-riarher and mixer device was unod to mcn&ure the TDA of the em elg- 
nal. This DM a Laboratoay-ccnstructed unit which generated a series of time 
pips and cuiicriniijoced them upon the sicnal received via the microvave link. 
Tlie coubination of the time pips and eicnals vas applied to the CV/R oscilloscope 
for display and recording. 

Tlie series of time pips vas called a time comb (see Figure 27); this name 
i/as su^scsted by the appearance of the time pips, Tlie time comb consisted of 
a series of pips at 10-usec intervals and a larger pip imiiiediately after every 
tenth pip. Vfhen the time comb \ra.s mixed with the incoming signals the vavefonn 
appeared as shown in the composite display. Tlie pips vere applied in the 
direction of positive voltage. Tlie time difference of arrival vas detenained 
from the relative position of the signals from each of the slaves on the time 
comb. This measurement is detailed under Data Reduction, Chapter 3. 

Tlie accuracy of the time comb vas dependent on the O-76/U Crystal since 
the time comb markers vere derived directly from that oscillator. Because the 
TDA vas a very short period of time for this application, the crystal fre- 
quency T.ro,s not i'cqulred to be extremely accurate. For example, for a TDA of 
500 usec, which is very large, and a freouoncy error of a parts in 10", the 
apparent TDA vould be 500 C ! db a (I0"o)]u3ec, and the time error vould be 
500 a (10"°) usec. For a ■ 1, the error is .0005 usec. 

(U) Pulse Shifter 

To determine the absolute time of arrival '»f the üia pulse, it was neces- 
sary to establish a reference time or fiducial fivu vhich arrivals vere timed. 
Establishing the fiducial vas based on the use of a device lenovn as the pulse 
shifter. This instrument generated,at one-second i'vorvals, a pulse vhich 
could be phased or shifted over a ^P-wiUlsecond range in one-ralllisecond incre- 
ments. Here a^ain, as for the time-marker and the timer, the time base vas 
derived from the O-76/U Crystal Oscillator and one-second intervals of the 
same accuracy as In the timer vas assured. 

The output of a receiver tuned to one of the WWV frequencies ^ras applied 
to one of the CWR oscilloscopes. Then the output of the pulse shifter vas 
connected to both the electronic flasher and the sweep trlgser of the oscillo- 
scope through the upper contact of Reference Time Switch S, a single-pole 
tlircc-position switch. This caused a sveep on the osciUoscope whi h displayed 
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tho MMV fiifttoXf  MA, aXoo  tUlMlnatod the iiictit'<.\  cuuntcr. IXu-in(j this ti.. 
the couril.ci* Vi\r,  a-iimiinj luifc tin oomaiu Wfl otoppoil. 

To uct up a convenient cUßpl-iy, thn output of tho pulse shifter Wi.'::; 
tlvjn adjusted so tli-xt itr. 1-I>p3 output vas  gonomtod ^proxirmtcly five mlLLi- 
ceconds before the arrival of the one-second M'irJcers froia WWV. Ficure 20 siiows 
the desired dispiny on the oscilloscope. 

Switch S i/us then placed in the off (niddle) position and the camera was 
started. At some predeteminod time, o.c«i one second before the btglnninq 
of any knew minute prior to or after the sic"al arrival, switch S was acain 
placed in the pulse shifter (upper) position. The next pulse from tho shifter 
then initiated the flash, which illuminated the counter, and tricrjercd tho 
sweep. 

As a result, tho counter number and the one-second marher of WWV were 
both recorded. The recorded counter number then represented a precise and 
kno^m imitant in absolute time. This established the reference time. Reference 
time may be established either after or before the event, or at both times to 
reduce error. Switch S is in the lower position when recording sißnals. 

(U )Pulse Generator 

Tiie pulse generator shown in Figure 16 was used to amplify the outputs of 
the CF and the pulse shifter sufficiently to drive the time sorter, strobe- 
flasher, and time delay generator. 

(U )Com/:iunication Sets 

Each station was equipped with one of the following radio coramunication 
sets: AN/GRC-26, AN/GRC-19, or AN/GnC-9. This radio equipment was used for 
administrative corammications only and was not part of the project instrumen- 
tation. 

(u)Power Unit 

Electrical power was furnished by PU-26A/U gasoline-driven generators; 
no carmercial power was available at any station. These units were connected 
to provide 120-v, U-wire, 3-phase power. The power units were rated to 
deliver 12.5 kw, but because of the great altitude and poor quality of fuel 
their efficiency was low. 

(liyrest Equipment 

Test equipment consisted of such conventional items as oscilloscopes, 
signal generatorti, and VTVll's. The signal Generators produced the display 
calibration signals, which were generally 20 kc/sec. 

I 
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(U) Vern^er Time Interval Mensuroment System 

A vernier time interval measurement system (VI'IJI) vas available which 
was capable of measurinc intervals of time within 0.01 ucec. A complete descrip- 
tion of the VTIM and its operation is presented in Iterex'eiiüe 8. 

The VTIM provided on additional method for measuring the TDA of the 
source -generated era pulse and the round-trip tranr.niission time between a master 
and a slave. Because this equipment was    delicate^ it was not often operable 
and therefore could not be relied on for TDA measurements. The method for 
measuring a sicnal TDA with the VTIM is ßiven in the Appendix,  However, the 
VTIM was used to measure cable and instrumentation delays, necessary in the CWH 
system of time-difference measurement and for computing round-trip transmission 
times; Figure 29 illustrates the circuit for measuring delays with the VTIM. 
Transmission time between a slave and the master station was determined from 
the measurement of. the time required for a pulse to be transmitted from the 
master station via the AN/THC-29 to one of the slaves and to return to the 
master. Figure 30 illustrates the circuit and signal path of round-trip 
measurements.  The time for one way was assumed to be half of the round-trip 
time, less any delay in the equipment. Details of the measurement technique 
are given in Chapter 3« 
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Cü;U"J).,Ari,I01JAI. rDOCKUURSJ KM! UD'i'AtlUKr: WX 

(u) 'Aro pvccoduiiVa vci-o i';:'xl Indcyp'JixU'n^ly to olii.'.iu i)y Locatlai of th 
AotOlKVtion  (^roiiiKl  i-.oi'o) froüi obacrvcl tino-Piffi.^r iin • i»ifoi'v/»,jktiofi.    IJU'J 
[^.•ocdura vs.-: tiaßtmti&'i.t.y rrni'hicnl;   tiio Jubot\:ocl, Ion or iii'jvio'i ,1./  clmrt»-"«] 
lti*Oi of poaition (tiiiij iiHTcrciicj lin-.-u) (javo tlio reqiilrjil locrLi .'.    VIK. 
ccoond ptxteocttiro uru) ?. oour^tbattioniili itoi'ritive pivjccliiro; a prcvloit^ly 
^rejMroil elocbronic coi^iuhcf pro/nwii rravc otOCQOßivoly c.loc;o.v ftirpr^^litÄtlony 
to the ivquu'ci location. 

In oitbaf WSthodf  the rocnltj.n,^ accuracy dOj)o;i<l .d on 1) the aqv itio^a 
ucod for thj clnrted Uit'Jfi   or the Iterative prooeii'.'ri,^ and 2) tin nurvjyed 
^eocraphlc cooixliu'itos of ovch station detection antenna. 

Accurst'* cooc^ctic dictonovo on the earth riv; obto.incd from thi cr|u.,ticv<.'; 
of W.  D.  Lambjrt.^    'i'hf cquatlonn aiv tncod on a cpheroidal e^rth r,dj], arc- 
OOnvenidnt for m-chino oOf^UtatlcWj  and ^ive rositlto accurr.te to 1 i'vt iv 
200,000.    DistmuKta oxr*. bj eo^H^tttod Atrcctljf in feei*iü of sirrai pr^ '..i ti.gr: 
ti'ii-j. 

In the ^faplvl'M.T r'-oc n^uv, CSäßTOphln coo'^hniateo of pointc  n h.',. • •!>. " 
(lir..:-. of po.-j-tlon) '.\fc iK>i;^tta^ and th« points ar> plottuil on rji {;;»,•• iX»^'*!at 
JcaJ'M ch.M't oi' tlu ar:..    Lifiofl of pot:itl9P V3V9 eonQ4ltoA.V.Xtl)  -'  ■ ".t<" of 
the liS'i 6;0 M-,-,\;ii .tii' Diim £''•'.:•. Irocvj^in-: i.-.chl^e r.vailabl . at tu I..    ._./'■,)•>■ 
tory^ for a upmi-lcal earth model, and these lines vere adjusted Qve üiic. 1.1) 
to a^roe vith sone co^iutttlons for a apuoroidftl model.        A cii;ic obtain Jd 
in this Dinner \iixz not expected to be axtrc.iely accurate,  but it 00 (Id b« 
coastmcted rai)ic11y.    The clvarL;j vere available at tne field inctaJ k.tioii 
dui-in^; tiie  cost opei-ition.    Kij-ire 31 dtuaonstratej tne ^rapuical Meth.K'', 
discii.:ücd boD.ov. 

Baa ccpiations for the apboriCttl nypei-bolac,  usin;j tiie r;lave B'äationt]    • 
^.s fo-ei, are ijj.ven by 3ittorly in Chapter 6 of,Reference 3.    Indspcndcntlyj 
ijeodebic dist".nccc in microseconds between several sites  In too te: t aivi 
and eacii slave \/ere calculated for the aplj'ei-oid accordin- to th-; aMS'UiOd ox' 
uixiuert, and time difi'crences of arrival were noted. 

'fhe cliart of the test urea on wnich the nyperbola:.; uero plotted uau a 
Transverse Mercator I'i'ojcction of gOOQXttptliC coordinates v/iln  the scal^ ut 
center   approximately 1 to 1YP,ü00.    Tne projection preserved an jles from 
the sphex-oid to tne map. 

Dince tiie linos of pooitiOO l/OV« i.\i.lc;ü..;.>-'ju   L'or a Cj^hjV^ a»;.! not  To.- 
a sphei'oid,   sites did not fall on Lhu lines of position corivspoiiü In;  to 
tttOir coMjiut'-d   sxiiicro.itJ:1.].  tiMO llit'i'OiVtilOua«     Tli--  sites \<.;i-e  ■.•-i pi'O.i".   i--'Lj,' 
X ».'...• .:    • • y J-Vr 1 the ::yl: !.-lt::<l h.V; jvüüiix uJ.cm tit^ sa'ie tJ: J ULI'.. .a .V, 
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ascoclatod vith the Capilla triplet, and approxiiaatoly 1,'j microücconda 
a\ra.y from the hyperbola with the Game time differoncQ for the Glceson trip- 
let. However, acm.uiilnß tliat the directlonc of tlie computed linec accurately 
I'epi'eocnted the directions of the desired lines and tliat the spheroidal 
time differouces computed at a point were correct for a line par.sinjj through 
the point, one could arrive at an improved time-difference (jrid by in+ rpo- 
lation. The Grid constructed in this manner provided,with the scale used, 
adequate resolution for time-differeace diita obtained to the nearest 0.1 
microsecond. A point could be located within kOO feet of the location 
established by the iterative procedure. 

(U)Iterative Method 

An iteration procedure utilizing the Lambert equations, was devised 
by Philip Miller of the Boeing Airplane Company^ to obtain accurately the 
geoüraphic coordinates of a point designated in tenns of time differences. 
Coordinates of the ^'ixed position are assumed and the Lambert distances 
(in microseconds) I •'•he detection antenna coordinates are calculated. 
Differences of the iiam^ert distances are then computed and compared with 
observed time difference. An adjustment of the assumed coordinates is then 
made, and the process is repeated until the adjustment is negligible. De- 
termining what would be a negligible adjustment depends upon the precision 
with which the observed time differences were obtained. The number of iter- 
ations required depends on the accuracy of the assumed coordinates. Usually 
less than 10 iterations were sufficient. 

This procedure was programmed for the IBM 6|?0 which is available at this 
Laboratory, and the program was used with data from the Plumbbob operation 
when the data arrived at the Laboratory. 

fC)Accuracy of Computations 

A measure of the degree of accuracy with which the computed time dif- 
ferences reflect actual time differences may be obtained from comparison of 
computed and observed round-trip station-to-station propagation Involving 
a slave and a master station. A description of the round-trip measurements 
is given later in this chapter. 

Comparison shows that the propagation time computed according to the 
methods of Lambert differed from observed values (with equipment delays sub- 
tracted) by no mor«j than .06 microsecond for the 35-mile distance. It may 
be noted that these observation^ made on the AN/TRC-29 frequency of 1700 Mc 
can be, at best, only suggestive of accuracies obtainable at VLP at a 500- 
mlle range with the described method of computation. 

Theory^ indicates that computation of ground wave propagation time 
should include a correction to account for the phase lag due to the influence 
of ground absorption and other propagation factors. Theoretical predictions 
of propagation time of a signal of fixed frequency can be made in this inanner, 
with the assumption of some average ground conductivity and permittivity. 
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Thoijc plinrjc-ctoluy coiTcctJ.oti^ were not used in tho cf'.i^utalioa of ttqxsetad 
tirio dliTeronco of airival of the detouation trailr;lcntc at the ütationr. 
In Opoi-ation Plumbbob.    RcaKono arc dineuneed htäatr* 

Hie sijnal pathü to the olavo statlonn of a pair differed by no more 
tlvui 3.6 mllen and the stations were vithin 75 nilleo of each other.    Accijjnlp{j 
oiidlOT »vumfll patli ground paraj.ietor», a rcaoonablo arjüiunption, the dif- 
fonmce in pliasi correction for the tuo paths uhould aMount to no moi'e than 
a few tentho of a micror.ecoud.    Exi)eriii\.:nta reporti-.d in Section D of 
Reference 12, usin;; a 100-l.c slc^^1 over paths rou;ihly 500 miles long,  show 
day-to-day variations in propojation time of a fev t nths of a microsecond 
or nortt    These variations were attributed to ambient atmospheric conditions. 
The OftBlt paper also reported the observation of some lonß-tenn averages of 
pvoi \-;ation time, different by Greater than 1 microsecond from the propagation 
tines coi iputed by the Jollier method.    Fron these observations it seems to be 
'.juestionable that accuracy can be improved by including a phase delay in com- 
puting; the time-difference grid. 

DATA wgjjuiiuimi 

(u)   To utilize the nuclear-detonation detection and location system, the 
followiiuj information is required: (l) the coordinates of the sites of the 
detecting stations, (2) the velocity of propatiation of electromagnetic waves. 
How precise this information has to be depends on the locating accuracy 
specified for the system. 

|U) geodetic Survey 

Accurate geodetic surveys of the detection antenna sites of the stations 
were required for the iterative procedure and for the llne-of-position charts. 
Surveys of the sites were made by the U. S. Aimy Corps of Engineers, giving 
locations accurate to .001 second of arc (about 0.1 foot) at the Capllla 
triplet and to .01 second of arc (about 1 foot) at the Gleeson triplet. 

(U) Map Spotting 

Preliminary time-difference calculations were made before the Corps of 
Engineers surveys were completed. Calculations were made on the basis of 
geographic cooi'dinates spotted on l/2hf000 contour maps of the area. These 
points were from 250 feet to 750 feet from the finally surveyed points. The 
final survey-derived spherical hyperbolas were displaced from the preliminary 
apherical hyperbolas by two miles in tho vicinity of the Nevada Proving Grounds. 
In a location system that does not require accuracies better tlian two miles at 
a 500-mile range, map spotting might be a satisfactory survey device. 

('j) Velocity of Propagation 

In all the above computations the propagation velocity of 0.299703 lon/usec 
(0.18623 mlles/usec) was used. IMB value incorporates nn average refractive 
index for the lower atmosphere and is the value currently in use at the ü, S. 
Navy Hydrographie Office. 
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(c) Additional Data 

Since time differences were obtained by moacurinß from the filmed onctllo- 
trams, it vda desirable that all equipment be adjusted for the best display. 
To luake such adjustments, it vas helpful to have advance inlormation con- 
cemlnß the ßeneral area of the detonation location, the yield of the device, 
some infonnation concerning its shielding, * and some information concerning 
the time of detonation. 

All this advance information, although not intrinsically necessary for 
satisfactory operation, added to convenience and economy In CV/P. operations. 
Advance Jaiovledge of the approximate time of detonation was useful for 
economy, because the system vas calibrated and cameras were operated only 
at times when the detonation signals could be received or when sferics records 
were desired.    The absolute time reference for the detonation made search of 
tiie CWR films more rapid, and it served to confirm the finally selected sig- 
nal waveform. 

For the SWR cameras, advance information on the time of detonation vas 
essential,since the cameras could be open, at most, a few seconds. 

PRüLIMIWARY M3ASURSMEHTS 

(U) Certain measurements could be made before actual test operations. 
These include round-trip propagation time and antenna effective height. 

f U) Hound Trip and Delay,  Using VTIM 

ICnowledge of signal propagation time between slave and master was 
needed, to correct observed time-difference data.    This propagation time 
was obtained by measuring, with the aid of the VTIM system, the propagation 
time for the round-trip transmission of a pulsed signal between slave and 
master. 

To perform these measurements, the VTIM was connected as shown in 
Figure 30.    A rapidly rising pulse out of the pulse generator started the 
VTIM and was simultaneously transmitted via the AN/TJSC-29 to one of the 
slave stations.    At the slave station the pulse was received and instan- 
taneously returned to the master, also via the AN/TRC-29.    Upon receipt of 
the pulse at the master, the VTIM was stopped, and the time for a round trip 
was obtained.    The time delay generator was used in this setup simply to 
arapliiy the returned pulse sufficiently to stop the VTIM.    The delay through 
the TDG was known and constant, and therefore the proper correction in the 
propagation time could be made. 

(C)*'   At the Nevada and Pacific Test Sites, atomic devices are often shielded 
to colllmate the gaioma radiation.    The effect of this shielding is to 
attenuate the electroi.iagnetlc radiation.    Stockpile weapons used tactically 
are not shielded. 

36 



To determine the delay attributable to the AU/'i'nc-2(J equipmont, tvo 
sets,were directly connected, eliminatinß eixxcc propagation tirae.    The 
averußo delay co mear.ured was 0.35 usec.    Round-trip meacurcmenta arc civcn 
in Table 5. 

fu)      TABLIi lj     U     PROPAGATION TIME NBASUaBÜMTS 

a  b_  One-V/fiy IJropaffltion Time      Difforonco 
Averace Measured Observed               Computed 
Observed           AN/TRC-29 a-b Lambert 
Round-Trip       Delay 2 Equation 
Measiu'ement 

Stations usec usec usec usec 

Capilla-Sandia 
Capllla-LaJoya 

375.61 
not measured 

• 35 
.35 

Gleeson-Reef'g Mine  3^^.76 
Gleeson-Rustler    '398.38 

I67.63 

172.20 
199.02 

I87.69 
201.28 

172.18 
199.02 

usoc 

.06 

.02 
none 

Delays through various equipments and cables were determined, using the 
VTIM as shown in Figure 29. The procedure is similar to that used for round- 
trip measurements. Use of the TDG to amplify the returned pulse depended 
on the amplitude of the "stop" pulse. If the returned pulse was of sufficient 
amplitude, the TDG was not employed. Measurements of delays through the 
coaxial cables and the cathode follower receiver, and measurement of one- 
way transmission time tlirough the AN/TRC-29 were made. It vas found that 
the delays in similar equipment had negligible differences. Therefore^due 
to the symmetry of the detonation location system the delays through indi- 
vidual pieces of equipment were Ignored,and only the difference in trans- 
mission time from each of the two slaves to the master was used in calculating 
the time difference of arrival. 

(U)Antenna Effective Height 

The voltage developed In the antenna, |U| is a function of the electric 
field strength and the effective height of the antenna. 

Va ■ EHeff (2) 

where £    = field strength In volts/meter 

Heff ■ effective antenna height in meters 

The above voltage relation was considered In estimating the effective 
height of the probe antenna as measured by a field Intensity meter. Radio 
Test Set AN/URM-6.    However, the results of the measurement (see Figure 32) 
show an erratic change of effective height with change In frequency. 
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In mcasurlnc the effective hclcht, the MH/lSU-t wno tuned to several 
lov-fi'equency i-adio trancmitters operating In ita frequency range of 15 l:c 
to 250 kc. A calibrating loop antenna which gave readings of too actual 
field strength in volts/meter was used, and the signal strength was noted. 
Then the output of the cathode follower detection system containing the 
probe antenna was measured, using the AN/UKM-6 at the same frequency. The 
cathode follower output was corrected for the cathode follovrer gain of 0.3, 
and the cathode follower input VJ was corrected for the variation of the 
input circuit with antenna height and frequency to obtain an estimate of Va. 
The ratio of this estimate of Vg to the loop antenna field strength reading 
gave an estimate of effective antenna height. This height, expressed as a 
percentage of the actual antenna height, is plotted in Figure 32 against 
frequency. There were few active and receivable transmitters in the range 
between l6 kc and 200 kc, and just above 200 kc there was considerable activity; 
therefore most of the measurements were made above 200 kc. 

According to theory^, for a straight vertical antenna whose actual 
height is very much less than one wavelength, the effective height is one half 
of the actual height. The estimated effective heights in Figure 32 varied 
considerably above and below the theoretical values at the frequencies 
measured. Since the measurements did not indicate clearly to the contrary, 
the theoretical value was accepted as the best choice. 

EQUIPMENT SEITINGS 

(ü) Sweep Trigger Delays 

Advance information on the general location of the detonation helped 
determine the optimum oscilloscope sweep-speed settings. 

For the CWR display, it was desired to have the corresponding signals 
which were received at the master station from both slave stations displayed 
on oscilloscopes with 100 or 200-usec sweeps. If the signal arrival at the 
master station was to be utilized for a trigger. It was necessary to compen- 
sate for the difference between propagation time of the signal traveling 
directly to the master station and total propagation times of the signals 
retransmitted to the master via the slave stations. Delays Introduced before 
the oscilloscopes at the master station were triggered allowed for the desired 
display. An additional requirement for a suitable display was a reference 
display of the zero voltage level on the oscilloscope sweep; this was the 
"pre-signal" display. 

To estimate the required sweep trigger delays described above, the follow- 
ing relation was applied separately for each slave-master combination: 

Sweep Trigger Delay + Pre-Signal Display • 

Propagation Tlme^^ zen) ^ 8lave + Propagation Timg^ to ^^ 

+ Equipment Delay - Propagation Tlmeßround ^ to ^^ 
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The expected slünal proiajation timeo vero combated. UMUm  the CoHbort 
formula for geodetic distances (iice Computation Procedures, ahovo). Co- 
ordinates of predicted jroundo aero were obtained from Desert itoc]: OoMMltld« 
I lap-spotted station coordinates were satisfactory in this coruputatlon. UM 
equipment delay Mas  assumed to be identical at all stations, and vas i.rjaüura- 
ble. Propagation time, slave to master, vas experimentally detcrnined or 
computed. Since the Grounds zero were not spread over a very large area, 
the risht-hand side of the equation showed, for any one slave-naoter pair, 
little variation for different shots. 

For the Gleeson triplet the average time difference between the arrival 
of the direct signal at Gleeson and the arrival of the signal via the Reef's 
Mine slave station vas approximately 170 usec. The direct signal received 
at Gleeson was fed to the sweep trigger which, after a suitable delay, 
triggered the sweep in time to allow for a 35-usec pre-signal display. This 
required the introduction of a delay of approximately 135 usec. For the 
signal received via the .Rustler Pari: slave station, the time difference of 
arrival of the two signals at Gleeson was approximately 27? usec. In this 
case, in order to allow for a 35-usec pre-signal display, it was necessary to 
introduce a 2^0-UBec trigger delay. 

For the Capilla triplet, the average time difference between the arrival 
at Capilla of the direct signal, and arrival of the retransmitted signal 
via LaJoya,was approximately 105 usec. For the Sandia-Capllla linlc the 
average time difference was 115 usec. Here, for all shots, a common 90-UGec 
sweep trigger delay was used for both slaves.  This allowed a IS-usec pre- 
signal display for the signal arriving via LaJoya and a 25-usec pre-signal 
display for the signal arriving via Sandla. 

For some shots a 100-usec sweep was employed, which displayed most but 
not all of the ground wave signal and its sky wave reflection. A 200-usec 
sweep ^ras used for other shots, and this showed all of the ground wave and 
one-hop sky wave signals. 

(c; Predicted Field Strengths 

It was advisable to have predictions of the signal field strengths 
expected at a station, since predictions aided in setting equipment at an 
appropriate sensitivity. Predictions of peak negative field strength at 500 
miles were made at this laboratory for specific yield weapons based upon the 
fairly consistent results of previous tests reported by USASRDL1^ and 
NBS13>il*. The reported field strengths of previously observed devices 
closest in yield and distance to a given device were used, assuming variation 
to be direct with the cube root of yield and inverse with distance, to obtain 
several results for a device of given yield at 500 miles. The  smooth curve 
given \n Figure 33 was drawn through the set of points obtained. The re- 
sulting curve was compared with the theoretical predictions made by 
R, E. Clapp^, and in general they agreed for l:lloton-range yields, 

Plu'ibbob observations of field strength and their relation to the pre- 
dicted value are discussed in Chapter H, 
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(ü) yr.rlatlonc for 3Mel<ted DOV^CCG 

Advance  information on device shielftin<j vno de-jirable, oo that e^ul^mont 
aensitivity could be udjusted aiJpropriately. ProviouB recults Indicated that 
elcctroraaßnetic enerßy received from shielded, devices vao less than that from 
unshielded devices in the frequency band received by this equipment. To 
increase equipment sensitivity for those shots, the antenna height vas in- 
creased from the heißht selected as best for an unshielded shot of the same 
yield. 

(C) Setting Heicht of Probe Antenna 

The height of the vertical probe antenna vas  to be adjusted so that the 
field strength predicted for a given detonation i/ould develop approximately a 
one-volt zero-to-pcaii signal at the input of the cathode follower receiver. 
Thla  input signal was limited to 1 volt because the CF began to saturate as 
the input went above 1.5 volts. The maximtua signal amplitude was not to 
exceed 1.5 volts and the 1-volt level provided a 50^ margin for error. Con- 
sideration of the relation between CF input voltage and signal field strength 
led to a method of estimating the suitable antenna height for a detonation 
of given expected yield. 

The relation between CF input V^, and signal field strength E, is 

H . h 
h Vi .Exfx-^ (3) 

where H is the actual height of the antenna in meters and H/2 is tal;en as the 
effective height, and vrhere Vi/Va is the voltage ratio graphed in Figure 22. 
The ratio Vi/Va depends on the input equivalent circuit and its value varies 
with input signal frequency and antenna height (see Input Circuit, Chapter 2). 

The equation may be expressed as 

2 V* E-gx^xVi 

and since V^ is to be restricted to 1 volt, H must satisfy the following 
equation: 

Ex = | x ^ x 1 volt (U) 

where Va/Vi is an independent Amction of height and E^ designates the field 
strength at the antenna when there is a 1-volt input to the cathc le follower. 
Figure 3^ is a graph of field strength Ej. against frequency, for suitable 
valxies of H. If a signal frequency is assumed. Figure 3** can be used to 
select the antenna height for the value of E^ closest to the estimated field 
strength E. Data obtained during previous" tests indicated that the larger 
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Flumbbob devices have their major energy in the 10 to lß-kc region and the 
energy of the smaller devices is in the 15 to 20-l:c region. An assumpticn 
of 15 kc for all shots was considered to be acceptable for establishing the 
antenna height. 

The usable vertical size of the cathode ray tube on which the electro- 
magnetic pulse was displayed was approximately 6 to 8 cm. To stay within 
safe limits, at the slave stations, the SWR oscilloscope vertical deflection 
sensitivity and the height of the probe antenna were adjusted to provide a 
vertical deflection of Ü to 6 cm peak to peal:, or 2 to 3 cm zero to peak. 
The actual field strengths developed at the test sites varied from the 
predicted values and had different values at each of the six sites. The 
average over all sites was generally found to be from 1/2 to 3/^ of the pre- 
dicted values of signal levels for a particular event. As the operation pro- 
gressed the results of the earlier events were used, together with the original 
predictions, to estimate the levels for subsequent shots. The procedure fol- 
lowed was to use three different antenna heights. The antenna height calcu- 
lated in accordance with the above considerations was used at only one station 
of a triplet, an antenna shorter by one 30-inch (O.76 meter) section was in- 
stalled at the site in a higher field-strength area, and an additional 30-inch 
section was used at the site in the lowest signal-level area. For the Capilla 
triplet, the progression from lowest to highest field strength areas were 
LoJoya, Capilla, and Sandia in that order. It was not possible to establish 
a trend for the Gleeson triplet due to lack of sufficient data from this 
triplet. 

(U) Trigger Generator Sensitivity 

The sensitivity of the cathode follower-trigger generator determined the 
level of signals which would trigger the sweeps of the oscilloscopes. The 
sensitivity was controlled by adjusting the bias level on the first grid of 
the 6j6 multivibrator in the trigger generator. Setting of the sensitivity 
depended upon the relative levels of the predicted field strengths of the 
electromagnetic pulse and the ambient noise. If the sensitivity were main- 
tained at a level to insure reception of the electromagnetic pulse at the 
earliest portion of the signal, it would result in excessive triggering by the 
background noise; therefore a decreased sensitivity was necessary. To fix 
the limits of lowest sensitivity, a calibration signal of 20 kc, equal in 
amplitude to the predicted level, was fed Into the input of the OF, and then 
the bias was adjusted to slightly below the point at which no triggers were 
generated. The upper limit or highest sensitivity was determined to be the 
point at which triggers by ambient noise exceeded one trigger per second. 
'Hie final level of the sensitivity was set slightly lower than the maximum 
allowable—but never below the minimum required by the predicted level. 

The BUR camera lens was always open, and a sweep on the oscilloscope 
resulted In a photographic recording; hence an excessive trigger rate which 
caused multiple e:cposures was to be avoided; In situations during which the 
slgnal-to-noise ratio was nearly unity or less than unity there was no choice 
except permitting triggers due to the noise. The probability of receiving 
and recording the electromagnetic pulse decreased rapidly as the noise level 
approached the signal level. To increase the probability of recording the 
signal and obtaining the least number of exposures due to noise, it was 
necessary to open the camera lens immediately before the e:<pected arrival time 
and then close the lens immediately thereafter. 
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For the C17R continuoursly wovlnj film atrip, tho tri'^crinis rcto vac 
not so critical, as a proper setting of film speed could reduce overlax^pin^ 
oscilloscope sweeps. 

The trlcger sensitivity ^/as set by an operator at the station accordln^ 
to the observed incidence of ofcrics In tho locality during tho tine juot 
before tho opei'ation. 

(IT) Film Speed 

Observation of the local sferics activity vrcio also useful in setting 
the CV/R film advance at an optimiuii speed. It vao necescairy to avoid excessive 
ciw/ding of sferics-triüsei'od sveeps, so that (l) the signal sucep vould be 
observable, and (2) the sferics vavefonns could be studied. It was also de- 
sirable, of course, to conserve film. Film speed ms variable from 0 to 20 
inches per second, and the speed vao usually set at from 2 to 'i Inches per 
second. 

(C) Oscilloscope Sveep 

After the bias liad been adjusted, the GWR oscilloscopes vere set for 
externally trißßered sweeps at rates of 5> 10/ and 20 ucee/cin. 

Sorae lonovledge of the si{jnal duration T/as desirable in order to set Cl/R 
oscilloscope svreep speeds which would provide optimum display of the total 
waveform or the portion of the waveform desired. Previous test results had 
indicated tliat total direct signal duration, an increasing function of yield, 
ranged from about 20 to 70 usec. 

. Previous results also Indicated that one-liop shy waves have approximately 
the some duration as the direct wave and that they are reflected from heights 
of 6o to 8o lea. At the distances at which the stations in the Plumbbob tests 
were located, sky wave arrival was expected about 50 usec after the arrival 
of the direct wave. 

From this inforaation, for most shots,total sweeps of 100 and 200 usec 
were chosen for SWR oscilloscopes and Cl/R displays of complete direct and 
reflected waveforms. 

The  svreep speeds chosen did not allow for good detail in the initial 
portion of the waveforms. Obtaining the diagnostic information available 
from such detail in the signal wavefoms was not considered to be an objective 
of this test project, but such infoniiatlon would have proved valuable. 

(D) Oscilloscope Vertical Deflection 

Vertical deflection sensitivity (VDS) was often chosen so as to provide 
three centimeters zero-to-pea!: deflection for a one-volt signal level at the 
Input of tho CP. Since the gain of the CP was 0.3> a VDS of 0.1 volt/cm 
provided the desired deflection. A deflection of 3 centimeters appeared to 
be best, since it allowed for an error of a factor of 2 in estimating field 
strength and still provided an adequate waveform for analysis. 
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(U) RECORDINO AND TDUNO 

f U) Photograplilc Recording 

The SWR display on the cathode ray tube Mp pliotoaraphed automatically 
on reception of a signal, provided the camera lens vas open during the InotaM 
of reception• 

In order to derive quantitative data from the recordings of the SWR 
vavefoims, It vas necessary to record other infoimation on the photographs. 
Figure 35, a typical recording of a wavefonn, shous the following: 

1) The centimeter grid scale from which araplitude variations with 
time are measured. 

2) Baseline vhlch establishes the reference level for measuring positive 
and negative deflection. 

3) Calibration slnewave signal, usually 100 l:c, which Indicates sweep 
linearity and acts as a reference for cathode follower gain. 

k)   Data card showing the site, date, time, and scope Identification. 

The baseline, calibration slnewaves, and the em signal were recorded by 
opening the lens and triggering the sweep while the appropriate signal was 
applied to the vertical amplifier of the scope. For these exposures, the 
camera vas set with a lens opening of f/1.5 and shutter release on Bulb. The 
grid and the data card were photographed by an instantaneous exposure of 1/25 
second at f/3. 

The above were recorded In tliree different places on a single 2-^" x 3^" 
piece of cut film. The upper section had the data card only; the center 
section had the electromagnetic pulse, grid, and baseline; the lower portion 
contained the calibration slnewaves, grid, and baseline. A triple exposure 
vas required for the center and lower sections. 

The importance of maintaining the oscilloscope trace at maximum focus and 
minimum intensity cannot be overemphasized. Resolution Is directly related 
to the degree of focus, and optimum focus Is attained at the minimum Intensity 
consistent with requirements for registration on the film. Since no meter 
that was capable of indicating the proper setting of the trace intensity was 
available, this adjustment depended on experience obtained by trial and error 
methods with test signals. 

It was possible to distinguish the em pulse mveform from the noise on 
multi-sweep recordings obtained when the noise level vas high (see Figure 36), 

f U) Detemiination of Time of Detonation 

The Instant at vhlch an event occurred vas fixed with reference to 
world time as provided by the WWV radio time signals. The method of utllizlnß 
the signals required the Instrumentation- shown in Figure 26. 
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(U)  Synchronization of the Timer 

Synchronizing the timer was an essential step In the timing operation, 
and It was performed preferohly vlthln 30 minutes of the event. It was 
performed before and/or after the event, depending on conditions to he dis- 
cussed. 

Accuracy of timing Increased as the time of synchronization approached 
the time of the event. Establishing synchronization In close time prccclmlty 
to the detonation was not always possible since It depended on the quality of 
the timing signalB received from Station V/WV during the period of Interest. 
Establishing the fiducial must occur when conditions permit adequate reception 
of WWV. Reception was adequate vhen the one-second marking signal, i.e., 
3 cycles of a 1000-cycle tone, was discernible when viewed on an oscilloscope. 
Figure 28 Illustrates the appearance of several successive one-second marking 
signals. 

(U)  Synchronization with WWV Signal 

Station WWV broadcasts on several frequencies: 3, 10, 15, 20, and 25 Me. 
Thm radio receiver was tuned to the frequency which provided the best reception 
and its output was applied to the 3 channel of one of the oscilloscopes used ' 
for continuous waveform recording. For recording WWV, the sweep mode selec- 
tor was set at 2 milliseconds per cm, and the flasher was triggered at the 
rate of one pulse per second, resulting in a display of a 20-mllLlsecond 
portion of the WWV timing signals and the illumination of the mechanical 
counter. 

Every 59th-second marker is omitted in the WWV timing signals. This 
penults identification of the marker which starts each minute. The first 
sweep in Figure 28 illustrates this. In addition, the beginning of every 
five-minute period is announced by voice, so that any second of time can be 
related to absolute world time. The instant of time when the fiducial 
Is to be established is pre-selected and that time is recorded. A good 
choice would be the start of any five-minute period. 

The CWR camera was placed in position to photograph the oscilloscope 
display, and equipment was switched on so that the first pulse out of the pulse 
shifter was the 59th-second pulse. Th» first pulse illuminated the timer and 
swept the oscilloscope. The second pulse resulted in a photograph of both a 
new count and the first one-second marker. This established the reference 
time. 

(t))  Post-Event Synchronization 

Synchronization after the detonation aided in decreasing any timing error 
due to a possible shift in the O-76/U Crystal frequency. If It had been Im- 
possible to receive WWV before the . event,   synchronization after the 
event    was essential. The procedure was the same as outlined above. For 
synchronization, there must be no Interruption in the operation of the mechani- 
cal timer between the arrival of the electromagnetic pulse and the time at 
which the reference is established. 
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After or before (as the caoc nuiy be) the fiducial van eotabllsnod, the 
instxmiontntlon MM set up for CWK, vhlch required sucop ratcc of 10 or 
20 ucec/cm. Hie channel cclectors were placed In the A position on both 
scopca (cee Flcure 26). Si/Itch S vaa  then placed in the lover position to 
permit a delayed trlQjerins of the sweep and electronic flasher by the sicnals 
received directly by the master. 

Sicnals from the north and south slaves were fed into the vertical anpli- 
fiers. No displays or times were recorded until the camera was started, 
and to coiveW'S.    film, the camera was not started until 15 seconds before the 
scheduled event. In the meantime, the film velocity required to reduce or 
prevent superposition of the displays was determined from the observed rate 
of sferics arrivals. A total deflection of 6 cm on the scope covers approxi- 
mately 0.24 em or 0.1 inch on the film, so the film velocity was determined 
by estiir;atin2 the averace number of events per second and setting the 
film velocity equal to events per second x 0.1 inch. One inch per second 
was the minimum velocity because the film did not run smoothly at a lower 
speed. When the camera was started, every sißnal, including the electromag- 
netic pulse, received directly by the master station resulted in a photographic 
recording vhlch included the timer counter. 

The absolute time of the event was found by adding to or subtracting 
from reference time the difference between the timer reading at reference 
and the reading at the arrival time. The timer reading at reference time 
had to be corrected for the displacement of the second-marking pulse from 
the start of the oscilloscope sweep. This difference reading represents 
milliseconds of elapsed time, making it possible to resolve time of the event 
to one millisecond. 

This does not imply that the time of the eve.-t was determined within 
one mllli.second of absolute time. Signal propagation time should be con- 
sidered  At the Capilla or Gleeson sites, approximately I65O and 1900 miles 
fron the WWV transmitter respectively, the VA-7V recorded time was 8.9 and 
10.3 milliseconds earlier respectively than the local reference time taken 
at the 105th meridian. To correct for this, these 9 or 10 milliseconds, 
respectively, should be added to the observed time. An average propagation 
velocity of 0.18623 mlles/usec (0.299708 km/usec) was assumed. Also, the 
propagation time of the signal from its source to the receiving site should 
be considered.  Since the location of the signal source in relation to the 
detection stations can be determined (by the inverse loran method), the 
distance from source to station was known. This distance could be converted 
to approximate propagation time. For these stations the signal propagation 
time was approximately 3 milliseconds. This time should be subtracted from 
the observed time to obtain the corrtcted tUne of generation of the signal. 

Due to radio propagation effects, which vary with frequency and other 
factors, and variations over the lane  distance between Beltsville, Md. and 
the test sites, the delay of the WWV time signal was observed to vary by as 
much as five milliseconds. The frequency aspect of these variations was 
observed by simultaneously comparing the time markers as received on two 
WWV carrier frequencies, 10 and 15 lie.    Most recordings were made when the 
sun roac over the path between WWV and the recording stationD, and this may 
have contributed to the observed variations. 
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DATA IMXJCTIOn 

(U)   Data reduction MM pcvfonned mnimlly. Ho automitic cquiiiinont was 
avallablG for required CWR timc-dlffei'cnce iiiuaüurcmcnto, diacnostic crocsovcr 
moaeurernento, or uanplitude mcaßuranentü. 

Tlie imaßes on the SWR films were cnlarced 5 times from approximately 2 CfJ 

to original scope face size (lO-cra c\/ccps), and incac;urcmento were tal:en from 
these enlarced photographs. 

C\7R filw strip measurements were talcen from a projection which onlargod 
the sweep imace size 25 times to approximately the MMS as tlie orißinal scope 
face size. Coincidence of sißnals at the slaves was visually not-«d.  For 
convenient handling, 8 x 10-i.ich prints of selected CUR sections were made 
with a sweep length one third of the original scope length, and some measure- 
ments were taken from these. 

For the frequency analyses, data points were read by an operator, and 
the calculations were performed on the laboratory IEH 6^0.  Other required 
c iputations were performed on desk calculators or on the electronic computer. 

fu)Method of Obtaining Tima Difference of Arrival 

Differences between the arrival times of the signal at the slave stations 
of a triplet were computed from the CV/R film projected on a screen as explained 
below. Refer to Figure ^7 in Chapter U. 

(U)   Capilla Triplet 

Because of the identical 90-usec settings of the sweep trigger delays 
in the Capilla triplet (see Sweep Trigger Delays, above), the first 100-usec 
marker on the waveform of the retransmitted signal from one slave corresponded 
in time to the first 100-usec marker or the waveform of the other retransmitted 
signal. With 100-usec markers as origins, an equal number of 10-usec markers 
on each wavefom were counted off to the left, terminating at that 10-usec 
marker which Just preceded the signal at the oscilloscope which received its 
slave's signal first, (in every case the retransmitted signal from LaJoya 
arrived before the one from Sandia.) 

From this common 10-usec marker as reference time on each waveform, the 
time in microseconds to corresponding points on the signal, e.g., the break- 
away point, was measured. Let T3 and T^ denote these times for Sandia and 
LaJoya signals, respectively. 

Then 

TS - TL - (PS - PL) - Z.T(S.L)        (5) 

where A^VS-L) 
1S
 
tlie difference between the arrival times (TDA) of the signals 

at the slave stations in the Capilla triplet, and P3 and PL are the signal 
propagation times between the respective slaves and the master station at 
Capilla. These times wore obtained from•round-trip measurements (Table 5).and 
the average value of (Pg - Pj^) ma  found to be -12.56 usec. 
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(U)  OI<H»HOW Trfitlrt 

In the Glcocon triplet, due to the ectabliched 131;-uccc trl^er delay 
for the path via the Rjef's Mine slave station and the 2'iO-Uüec tric^er 
delay for the path via the Rustler Park slave ctutioi^ the second 100-ii^ec 
marker on the sweep of the Reef's Mine slave station correüpondcd in tiiao 
to the first lOO-usee marker on the sweep of the Rustler Ptirk slave station. 
Usinc the first 100-usee markers for each sweep as origins, dirfcrenceri ewVl 
be  established from cori'esponding 10-usec markers in the some manner as in 
the Capilla triplet, except for the addition of 100 usec to the time measured 
to breakaway of the sicnal from Rustler Park. 

Let Tj^p and Tfg.j denoten'oamirenontG for Rustler Park and Reef's Mine, 
respectively. 

Then 

TRP " TRM " (PRP " PRM) ■ ^(RP-RM)        i6) 

where (Ppp - PDM) is the difference in transmission time between each slave 
and the master station at Gleeson  [.(PRF • FRM) vas e^ual *0 + 26.6k usec) 
and ^(BP'BH)  *S *^e difference between the arrival times of the signals at 
the slave stations in the Gleeson triplet. 

(U)  Variation In Method 

In those Instances where the 100-usec time markers on the waveforms were 
not discernible, time measurements could be made from the start of the sweep. 
In such a case the reference time was the time of arrival of the signal at 
the master station, with the start of each sweep occurring after the established 
trigger delay time. The delay times for the start of the sweep at the slaves 
of the Capilla triplet were equal, and In the ^T calculation, the trigger 
delays would effectively cancel each other and therefore could be neglected. 
In obtaining AT/ 
to be considered: 
Park and Reef's Mine, respectively. 

AT/op_pw\ for the Gleeson triplet, the trigger delay times have 
.red. Let'D^p and EUj denote the trigger delay times of Rustler 

Then 

AT(RP-RM) ■ (TRP + ^P) " (TRM ♦ %!) " (PRP " PRM) 

where T^p and T^ are times to signal brcikavay, measured from the start of 
the sweep. 

The AT obtained this way could contain small errors due to scope 
trigger build-up time or   inaccuracies in the time delay generators. 
Nevertheless, it was possible to refine such AT values so as to eliminate 
these sources of error. If some of the 10-usec markers were visible, they 
could be used as reference markers knovn to differ in time by an exact 
multiple of 10 usec. Measuring tine to start of the signal from these 
reference pips would give the appropriate unite and decimal digits of AT usec, 
while the £& value obtained with the sweep start reference time could supply 
accurately the tens digit. 
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((j) Required Corrections 

(U)    Correction for Equipment Delay 

Establishing the actual tine difference between the arrivals at the 
slaves required correction of observed tine difference values for any un- 
compensated equipment delays. In the calculation of tine differences it was 
assumed that the CF and M/TRC-29 transmitters at each slave produce an 
identical delay. Measurements showed that the delay was the came within .OU IQBC. 
At the central station, the two AN/TRC-29 receivers were considered identical, 
and both signals passed through the same time-marker mixer. In the mixer the 
tine marks were applied to both incoming signals simultaneously. These are 
reference fiducial tines which should be observable on a CWR recorded waveform. 

The delay cable at the slave station was not used in the AN/TRC-29 equip- 
ment« It was used only in the SWR circuitry, hence its delay need not be 
considered in computing AT. Also, information about the central station 
sweep trigger delay was required, in general,only to identify the appropriate 
lOO-usec markers on the wavefona. There was no need to consider this delay 
in the AT computation when these markers could be Identified. 

(u)    Correction for Propagation Time 

It was necessary to correct the tine differences recorded at the central 
station for the difference in transmission tine from slaves to central station. 
The correction was based on the average of the reliable observed round-trip 
propaoatlon time measurements, made during the test series. 
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CHAPTER k 

RüSULTS -— 

SUMMMY Of RiiSUL'To 

(C) Continuous Uuvefonu Recoi-cler 

Tlw success of the continuous-vave recorder (CV/R) system as a field 
operational means of obtainin-; identifiable signal waveforms and time dif- 
ferences was a gratifying result of Operation Plxunbbob. 

Tables 6 and 7 give a summary of CV/R operating, recording, and timing 
results. 

After equipment was installed and operating, the Capilla and Gleeson 
triplets obtained 10 and 6 lines of position, recpectively. Correlation be- 
tween triplets produced 'j  fixes. Tbo Capilla triplet was completely oper- 
ational for 13 of the 26 Plumbbob events. Twelve of these successful oper- 
ations were consecutive over a 7-week period. The Gleeson triplet was 
operational for a total of 10 events, 8 of these simultaneously with the 
Capilla triplet. 

The Gleeson triplet was much less successful than the Capilla triplet 
in obtaining timing results; this was mainly attributoble to operational 
difficulties at the Gleeson triplet and to a poor location for the Rustler 
Pax'k detection antenna. The latter drawback was remedied in mid-test by re- 
locating this antenna. Stable operation was achieved at the Gleeson triplet 
by 30 August, when the Franltlin Prime shot was received with partial success. 

The  Capilla triplet did not actually start complete CWR operations until 
the Stokes shot on 7 "August. Previous to that time, readying and coordinating 
the equipments precluded use of the CWR on an operational basis. Reasons for 
the early unsuccessful operations and some subsequent difficulties are given 
in Table 6. 

Between 7 August and the end of the tests, the Capilla (MR detonation 
signal was established successfully on recordings of 10 of the 12 nuclear shots 
for which the CV/R was completely operational. At the Gleeson triplet, between 
30 August and the end of the tests, the detonation signal was successfully 
distinguished on recordings of 6 of the 7 shots for which the CWR was completely 
operational. During the early part of the test series, before the Rustler Park 
antenna was moved, the Gleeson CWR also obtained a successful recording of 
the Eriscilla shot. 

Failure to discern any CWR waveform attributable to Shot Ranier at either 
station was due to the fact that this shot was .an underground detonation which 
vas unlikely to generate an em signal that was detectable above the surface. 
Failure to isolate any signal attributable to Shot Shasta at the Capilla trip- 
let was due in part to the high sferics activity which was recorded at the 
time. Shasta was a heavily shielded device and the Shasta em signal was 
expected to be very weak at |j00 miles; equipment was set to detect a weak 
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signal and fehio ifMrnftttOd  tlif? numbor of rec.irdod Df<?ylce.    .'vhoi;^ üinhlo u.fJ 
Whitney woiv ulijo hcr.vily shieMorl devices; this l)c-;".vy clu'J.di'n": CUtilOXc«J8Blv<n 
jMCordinr; of cforicn may aJco accoiint for the fniluro to dtetin.'.{tiiati vlth 
eortilnly tho Diablo ül.'^it'.l on the Gleecon CV/JI film.    Tho fJ-itum device vn.c 
non-ni'clcar and it ima not e.^octed to generate an oboer'/able cm Bl/^iali 

JPÖr each ohot doLccted on the CMEIi  there ir- an evalu-'tion of Um vavafoKd 
ident.i.i'ication pro^ented in Table 7-    Tlio^e vravefon/i^ vrhioh vev'i clearly dis- 
tinct from the curroundinc fjferics ard which could be attributed to atomic 
d.etor.atiom: are marked Excellent or Good.    Vtivefbiva Vhloh VOFQ not very 
dietjnet- from bowe nearby sfnricE and vriiich vore idontlfled more by their 
times of oecurrur.ce are labeled Fair or Poor.    Waveform charactericiticü are 
ttoetisecd in a later paragraph. 

folaln^O l/avjfon.i Recorder 

SUil'a^ which recorded at each station the detonation em sißnal arrivinj 
it the station, were expected to provide an undittorted measurable wavefonn 
.vf the detonation sic^ial.    Oscllloscoijes were operated at  vari ous sweep speed.-; 
so as to provide for a more detailed examination of the wavefonn than VSM 
available from the C\/r\ recoi'dinc.    For some detonations,  equipment was in- 
operative Of vas not set properly and therefore was not triggered by any em 
transients. 

Table 8 "Ives a f.umtiry of the waveforms which were recorded.    Many of 
the recordings showed a single oscillogram which could be readily identified 
as the detonation      sirinal.    Othero showed several superimposed oscillograris, 
of which one cou]d be identified as tie desired signal; these are classified 
under Signal.    Those recordings containing only oseillograms which were not 
characteristic of the detonation signal are classified under Sferics in the 
table.    On some recordings there were so many S'.iperimposed oscillograms that 
an interpi'^tation T,n:; inposcible.    These are licted as Unrenolved.    Also in 
this category are listed two oscillograms, those of Shots Diablo and Whitney, 
at Lajoya, vhich are unresolved only because of their singular appearance. 
These are discassrd later, under Shielded Devices. 

The dleeson triplet provided many less detonation SWH's tl^an did the 
Capilla triplet; this was due to various operational difficulties and to the 
corapa'-.: ti Mely unfavorable location of this triplet.    At the  southern triplet, 
ther-; v.r.:. usually a greater incidence of local noise, which required operaticr.' 
with i ■locreased trj':r:er sensitivity.    In addition, actual field strergt'ns 
were often lower than the predicted field strengths for theoe locations. 
The combination of low trigger sensitivity and wea): field strengths prevented 
detectit n of many of (he shots. 

XS-TRD) Typical Waveform Characteristics 

i'i^ii'e 37 shows some typical sinr;lo wavefonn i'''Cordingc: Shots Lapl^ec; 
Srno'ty, and Hood.    In comparing the typical «avofloxwu it Min obsei'vod that 
certain charaetiVistic.'1. W'.-.ve cemmon to all.    As o.'ipectod,  tho initial  half 
evele mj always negative-going and tad a shu-p leading odrre.    Tlie neg-.tive 
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half cycle wiu follcwcd by a ijocl.tlvc-coin^ jjortJon, vhlch i/o clia.ll yofor to 
as the potitiV« portion of the direct wave. 

Doto iitlün-^oucratort en ci'ound vaveo observed in praviottfl teatv ucually 
had a duration of about CO to 100 usec (depondins on yield) and eonoistod of 
1 or lj cycles. Tlie additional cycle and cheater duration of the trap^i'irts 
observed in this teot undoubtedly are due to combination of the ground wavsc 
with ionosphere-reflected vaves. From observations in previous t^cts the sky 
wave is 1-jiovm to be similar in chape, but reversed in polarity from the ^round 
wave. Due to the stations' distance (approximately 850 km) from c^ound aero, 
the sky irave Atrivod ^0 to $0 usoc aftsi' the start of the ground wave. This 
placed the nrx'ival of the a):y wave .shortly after the peal: of the initial 
positive portion of the ground wave for most shots. Hence, the arrival of the 
sky wave, early enouch to combine with some of the positive portj on and any 
second negative half cycle of the ground vave, explains the appearance of the 
initial positive portion of the total traucient, as well as the larße amplitude 
of the second negative portion of the transient. 

(S-FRD) Uaye_form Components 

In order to confirm the characteristic appearance of the ground wave, 
resolution of the resultant wave into ground and sky components was attempted. 
Figures 3^ thru k2  show probable components of a typical resultant. Also pre- 
sented are frequency analyses, which are discusued in a later section. 

On the waveforms, the peak of the ground wave positive portion is labeled 
A. The first break in this portion of the vave, point B, may indicate the 
arrive.l of the sky wave. The sky wave was initially positive-going due to 
nearly ISO degrees phase shifts upon reflection from the ionosphere, and 
it contributed a major positive peal: in the resultant iravefonn, point C, dis- 
tinct in these i/aveforms from the peak A. From the appearance of the wave- 
forms of Shots Smoky and Hood (Figures ^1 and U2), it -./as assumed that the 
points D of the positive portion (the second peal: in the positive portion) 
indicates the second croesover, or return to zero of the positive portion 
of the ground wave. The decx'eaclng voltage from D to the minimum point E 
indicates a shallow mini mum point of a second negative half cycle of the 
direct wave. This assumes a sky wave increasing monotonically from point D 
to a peak value above point C. This 1 1 Lysis indicates that the ground vave 
jjositive half cycle is longer than the 1 rst negative half cycle.  Also 
the possibility that the additional neg: xve half cycle exists Is supported. 

(S)VJavefonriJ at Qleeson Triplet 

A few observations iiade at the Gloeson stations are presented with their 
Capilla counterparts", in Figures U3 and Uh,    They show that the sky wave 
f.rrived at Gloeson dur'ng a relatively later portion of the ground wave than 
it did at the Capilla stations. The Hood event clearly shows a sky wave 
arrival appruxlmately 10 usec later at Heef's Mine than the cky wave arrival 
time as estimted, in the manner of the preceding paragraph, for the Capilla 
vuvefonnG. The  Heef's I'dne and other Gleeson triplet observations confirmed 
the In/if ground wave positiv« half cycle and indicated a sharply rising sky 
vuve, 71)1 s agreed with sky wave components as estimated previously. These 
obcervitlcnc however did not renolve the uncontamlnuted appearance of the 
.'econd noQitivo  half cycle of the ground wave. 
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Laplace    Y=1.:>?KT 

Capllla,  90S KM 

Smoky     Ys^.OKT 

Capllla, 915 KM 

Hood        Y-77.0KT 
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3" 0.2: 
I o.k.: 
>  0.61 

Waveforms: 

Observed waveform. 

Assumed continuation of 
ground wave. 

l6ü 180 200 
usec 

Amplitude spectrum: 

mmmmmmmm  of observed signal, 0-76 usec, 

.......... of assumed ground wave, 
0-68 usec. 

20 
Frequency, he 

ÖU 100 

(S-FRD) Fig, 33 Waveform, Components, and Frcquoncv Cpcctra: 
Laplace, 1,22 Kf, at Capilla,  390 Km. 
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.- ^  Assumed eootinuation of 
fyrcund iv.'ivc, 

 AssuRicd sky tr/nvo« 

'Assumed sky v/ave arrivol. 

it ifo      ijo 
uscc 

Amplitude spectrum: 

of observed signal, 0-1^6 usec. 

of assu.i.od ground '.;?.vo,  C-97 usoc. 

(S-FRH) FJg. 39 ',7avefor.ii, Components, and Frcquenc/ Sroctrr.: 
Franklin Prirr.o, 4.7 Ktj at Sandin, ^90 l:rn. 
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Waveforms: 

■     Obcorvcd waveform. 

Assumed continuation of 
ground wave. 

 Asciumed sky wave. 

I  Assumed sky wave arrival. 

30 05 ÜÜ 70 8ü 90 
usec 

100- Amplitude spectrum: 

of observed signal, 0-97 usec. 

of assumed ground wave, 0-97 usec. 
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Fig. .40 
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<■    ■  ■■   (Hisorvod v.vivjforr.!. 

Assumed coiiljnuotlon of 
ground w;vo. 

« Assumod r.ky wave. 

(    ASSU&sd sky vvavo arrJval. 
-I I ll I • I       I       I L-— 
20   nO     60   Co    350 läö   ihn ifn 1^0 ?(xl 

I! nee 
Amplitude cpcctru;n: 

of obceswed si^ia] f 
0-1 HO usoc. 
of tstHiaod ground wavog 
0-110 usoc. 
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20 

ft*qfwifiyt lie 
^ 100 

(S-FED) 
I-'ig, /»I   IVctvoff./in, Componnnts, and FrC'iuency Jpoctra: 

Cmohy, A3 Kt| at Capilla,      890 krn. 
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(S-FRD) 

W«ure 49 ComparlBon of waverorn» at Caollla and G! 
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Hood      Y=77 KT 

Sandla   839 IN 

Hood       ifS77 KT 

Can!. Ha    911 KM 

Hood       TS77 KT 

UJoya   882 KM 

Hood       1*77 KT 

«••f'■ Mine    825 KM 

Hood). 



VIlaon   Y=lo ^ 

LaJo7ai911 K)f 

CapllU Trlp^ 

Wllaon laio ^ 

Re«ffcMlne,825 t 

Gleeson Triply 

Stokes Yal9 Q 

Sandla, 886 KX 

Capllla Trlpltt 

Stokes 1*19 K! 

Qleeson 820 KM 

Gleeson Triplet 

Cs-niD) 

Figure V* Comparison of waveforms at Capllla and Gleeaon triplets. 

(Events Wilson and StoVes.) 



Laplace    r=1.22KT 

8 Sept.«57 0600 

Camilla   908 KM 

franklin Prime 

30 Aug.«57 05^0 

c*pilla    908 KM 

Prladll« Y=35.6 
KT 

24 June»57 O630 

fapllla    893 KM 

Smoky       y=43.0KT 

31 Aug.«57 0530 

Capllla    915 KM 

W^ure 45     VmrBfanm of typical «all- and 
•vents, 
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Owen«      y-q.2 KT 
25 July«57 0630 
UJoya     882 KM 

Flieau T-10.8KT 
U Sept.«57 09^5 
UJoya     877 KM 

Charleeton Y-111CT 
28 Seot.»57 0600 
Sandla     889 KM 

Galileo     T-11.3KT 
2 Sept.»57 0540 
LaJoy»     88^ KM 

Boltroann T-11.5 
28 Mv'57 0455   ■* 
R*effcMlne 820 KM 

Figure 46     Waveforne of typical nedlua-yleld Pluabböb 
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fn-^l )}_ Vnytatijuip. Ii^'.'ry^ "(j-tv.] 

Bono variation fvc.x tho ty^jico.! obc;pi'\'cd vnvofora Wiß dufl to tho vari- 
ation O'' jixnir.rl vaver.hp.roj with yield.    In partictü/U'i tho Ciiossaver tli.i'jL; nnd 
total duration inarcaced with yi«.ld<   In Figure 37} tte.« cm-ill-ylold w/ofoiw 
of 8Uot Li^lr.co ohOWS the prouml vr.veromi ecüonti^.l.ly oor,u;l^tc boforo tho 
a^rlvi'.l of wlio G];y vavOjOnd th-« «avoästtt   of Shot Hood ohows c!-y wav« arrival 
during fclw positive half cycle.    If sky wavo delays wora tlio ci'jne for all . hotj, 
■jiu; vjuld o:.j?ect conn id arable chance in the chccrvcd wavefbxw of email dcvj.coc 
eougxtred wltli lazt^i dc/ieoci bub this is not vlvit hns observod.   Fifjiiro 'i> 
shov.T. typical P.l'.irihbob j.-Till-and Inr/jo-ylcld shots^ and FiryLre h6 chmrs. typical 
rinmbb.jb medium-yield shot«.    The sky wave delay seems to Increase With yioldj 
3s Aoea the crossover ti-.-ie.   Tiie effect is to produce a reasonably character- 
istic resultant vavcalmpo (crou'id plus sky wave) observable in nearly all of 
the figures xveox'ded at a given triplet. 

(S) am RecoixtinfTa 

epical CUR recoiviin.js arc displayed in Figures kf and kß.    Tue Shot 
FiSOftU vavftf^Mj  lowest evoep in the Capilln display,  Fiffire I'.S, and. the Shot 
Laplace v^xvefoi'm,  lower sweeps in Figure ^7^  ohov; the typical detonation wave- 
form featiuvs.    The wavcforr.s are clear and show little distortion rcsultias 
from AV./xllC-Qy rctrans'idssion    described in Otapter 2.    Coitia'U'i.uon vrith the 
8WI1 photographs presented earlier in Fißure 35 and others dciror.strates the 
dozroc of fidelity.      On theio CMS recordings, as on inaiiy others, most of 
the tine rarkcrs are distinct and do not distort the wavefor.u.    The lOO-inec 
nazivtra can be identified,  Giving a clear fiducial reference.     The counter 
reading ^ives a world-time reference,  related to the Wl'V signal recorded 
earlier en the film strip.     (Uote tint the counter reading is both inverted 
and reversed.    This is due to the optical arz'angemjnt of the counter display«) 
The Signal is well separated from nearby sfcries ■vsepo«     (The sferics sweep 
appears 90 milliseconds after the signal sweep on the Shot Fiscau film.    Time 
inertases fro.i bottori to top on these displays.)    The film i/as Hinnins ^t h 
Lnehes per cecsndj a slsirar fiLn speed would hova separated the sfSrles on 
these filj1! elipaj  but the speed chosen certainly was not dotrlmental.    At 
this speed, time reoolutfton of sweeps to about 5 milliseconds can bs obtained.. 

Figures hO thru. '):j show portions of CWd films on Which detonation wave- 
forms were detected.    For ti^e Capilla triplet,  the Sandia vavefoxin is on tao 
-•Ijht, and tue LaJoya v/avex'oin on the lei't.    For the Gleeson triplet, the 
rustler Pari: waveform is on tne ri^lit and the Rcof's Mino wavei'onn on the left« 
i.'ost detonation signals wiiicn i/ore detected on the C\1R were in general dis- 
tinctly different in ciiaracter from the ourro.mding sferics.    They shoved the 
ejected wavefon.i, descilbod earlier in this ehapter, and displayed the 
expected negative polarity.    The juxtaposition of the signal on sweeps i'l-om 
north and south slaves of a triplet was helpful in recognition,  tlio.'.gh sferics 
aloo showed coincidence. Tne hBOVB expected time di.ffercnce and delay on 
slave scope sweeps was a helpl^al factor and made the search more rapid by 
enabling imnediute elimination of some similar coincident sferics.    The 
absolute time reference also made the searca more rapid, but its main contri- 
bution was to confirm the selected signal.    Since the event times were luiowa 
for this test, it was possible co conclusively accept or rsject a particular 
i'ecorded pulse.    Only in cascr. of noise, contamination, or signal distortion, 
^s in Figures •'iflb,  h(/ü, and ^'j, was identification difficult«   ^r »valuation 



of the .voU-ibiULy of the mvoANM LcVritlficatlon of oarh ehot*attrilMted CU;; 
OSellXocrvi if. r;ivon in T^.b.lc 7. 

piptortlcn of WavnfoiTiis 

(S) Distortion on CW^'s 

In tue CUB dicplryn; at tJie GlO'^cun  triplet,   crjn? pMtlliay effectc due to 
Ail/TuC-:29 cquixwont operation are noted.    Thore io a rovorsnl of polarity in 
cone of tlw wavnibxn peaku — the feip is crf'.'ctivoly tamed Lnsido out.   She 
Shot Oftlil^Oi Cäoeooa tripXet^CMR vavefonns  (F.lc>.u'c ;lb)    c;:]ilbit thiz effect, 
observable vben conpai'ed with the came chot, CapllLa triplet, C.7n    (Fi^aire 51r.). 
rniic rr.y also 's': observed on the Shot Fi^eau, Hoof'c IMnc,positive pca):c 
(VigUM '^bj, and the Clict Lcplace, Clee^on triplet,negative peaks  (Figure '.'Tb). 
For an exi^lanation of the technical difficulties causing tills effect,  see the 
dißcusjian of the AJJ/TrlC-29 in Chapter 5«    The .oane Mechaniora, vhlch occurred 
inte^Tilticntly,  explains the peculiar appearance of the Shot Sraohy, Ibstlor 
Pari;,C./F. uaveform (Figure ^Oh). 

Tlriz diotortion did not affect the CWn timlnc infonnation, and it is 
hoped tiiat f.uch distci'tion can be avoided in future operations. 

• -    If-stcrrtion on WV» 

On r.-i'iy SV/R mvefoma r. discontinuity NM observed on the first ne^ati.e- 
going portion of the ground vave,  often appearins a^ain on the first ne^ative- 
^cing portion of the shy wave and at the EMM necative amplitude.    (See Figures 
','3 and 36.)    Tills indicated that the pulse mi^ht have been Generated within 
the equipr.iDnt uhen a particular negative voltage level ^ras reached.    Actually, 
there was a pulse generated within the trigger generator circuit which '/as 
used to tri^or the sweeps on the scopes.    This pulse was fed to the CF, which 
uses the EVJroOj a secondary emission type tube.    This tube is relatively 
unstable and It may be driven into a different mode of operation, causing 
a siiarp change in plate current.    This could feed back through the power 
supply and affect the video output of the CF, thus giving rise to the 
observed sjoikes.    The equipment was dismantled before this effect could be 
chocked. ( ,' 

1 
In vic;uing   the transients,  It A/as noticed that there were some other 

hit:h-froqu?ncy signals riding on the waveforms; these were caused by trens- 
nitters near the Ltatiors.    Fiocordings at Sandia ccntinually revealed a YOO-lc 
disturbance,  indicatinr: an interfering signal originating nearby. 
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*. Capllla Triplet, 100-usec cweep. 

wrntf 

b. Glees on Triplet, 200-\iaee swear. 

(S-FRP) Figure 51 CWR display of Event Galileo. 

75_ 

- 

%. 



* 

76 

( s 

I 

I 

i 
I 
I" 
I 

•i > 

> 

f 

I 
I 
I 

I 
I 



',   / •*»♦» 

i 
V 

n**.&cm display **m.m*m **m Triplet, 200-U88C aveep. 

«f ff T V 

.: v 

Ö-TOD) 

Itoü UM IM» of Evpt Charit, C^nu^Lt, 500-u..e «^ 

77 



•      V 

Mt!) 

;'       I 

.t 
*^3Sö' 

H?taii 

Figur* 55 Section of CWR fila, showin« Event Dopoler, Caolll* Triplet , 200-usec sweep. 
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(S) Shielded Devices 

Wavefonas cculd be observed from at least one of the announced shielded 
devices--Boltzmann. This device had only moderate shielding. These wavefums 
had no observable distortion and had reasonable field strength. 

Other devices had been announced as heavily shielded. Among these were 
Franklin and Kepler, which were not detected oa SWR films. However, at the 
times of Diablo and Whitney, two heavily shielded devices, certain wavefai-ros 
were recorded on the single transient oscilloscopes. These two waveforms, 
observed at LaJoya, are given in Figure 56. In their first half cycle they 
resemble the typical detonation signal, but thereafter there ic no resemblance. 
The vaveforms may be from em transients unrelated to the detonation signal. 

Unfortunately, for a variety of reasons, there happened to be limited 
success with the operation of the CWR during most of the shielded shots. There 
were no means of obtaining absolute times of arrival in milliseconds for the 
waveforms shown and of comparing them with exact signal times. The CWR film, 
made at the time of Diablo, although available, had no world-time reference 
counters photographed. Examination of the film disclosed several sweeps which 
bore some resemblance to the oscillograms in Figure $6.    The waveforms in 
Figure 36 remain unresolved bscause evidence Is not conclusive in either 
direction. 

23 Sept '57 0530 
LaJoya  868km 

15 July '57 0lf30 
LaJoya  868km 

100 
uscc/cn 

200 

(S-FTtO) Figure $6  SWR display« near the times of Events Whitney and Diablo. 

79 



f4 

s 
h 

| 
o 
(/) 

I 11 
a 
4> 

§ 

I 
(0 

j 
«t 

<u 

O S 
^ -Q +* 

O O   <Ü 
« y O 
o d -H 
•H 3   if 

a 

i 
El 

E 

ON 
4» 

41 

Ox 

b H H C\l (O (\| CO 01 O) 
r» Ü O O O fj(\i<> O ro J< 0) o a o o o o o O 

fi 
10 •      •••••• • 

# 4 1 4 l  ^ f + 

v   O -H *.0 VXJ VO >s0 VO vj VD t- 

1 '' 1 o vo m o CJ t- m 
HtO OTOcOfO 0> •      •••••• 

H 
O • 

+>   T,     O O C\ O ON ON ON ON 8 I"             0) O IfN O IA 1/Mf\ m 

'         fl 

O  -rl 

ON ON ON 0^ Ox ON ON o 
(!J    Cl    OJ O^O iOO PJ ^irv ro 

<r-^ ■P   Pi t •-I CO O CO CO CO  ON O 
Fd Ü   O vH •    •••»•• • 
1-4 ■p O ON O ON ON ON ON +> O 
w H 

O ir\ O UMA ITNlfN 
| 

o 

l It 3 p 

t 
| .2s i 8 

0) fi 1 O Q O O O O O 

o 
o 
H o 

n ill t5 <M 
po H CO O CO 00 CO ON O 
o 

h* 
•    •••••• 

O ON Q ON ON ON ON 
o ir\ o UMTV irN ir\ 

• 
8 

£i 
uB 
O -H 

+} 
a» d o 

irvm CO O cp OD -d- 
ONO roONj- vo LTN ON 

rf^^ Hco o t--coco ON ON 
O   P -H 

I* 
•    •••••• 

O ON Q ON ON ON ON 
O UA O UMA ITN l/N 

• 
ON 
IA 

i c pP 

l    r1 |J IA ON                   C\l 
.-t coCo r-1-1-- cy 
CA ir\ ry co fO mJf (Ü     (4 4-)  -rl CO 

y o .  -P O00 O h-cOcO ON ON 

P   (i, |l •        •••••• 
Q ON Q ON ON ON ON 
O UN O l/Mr\l/M/\ 

• 
ON 

ir fi  ft 1 tA 

I'J-j 6 ONO ON-i ON ON 
CO roj- irsj- 5 I/N 

• • 
ON 

O 
HE: SaSS9SS S 

>-J pi 

■ 
d 

h .'! -, 9       I 
H i-i    i '> ;i r! o 

p 
0 .   .  .     -d rl   •.)   •)>   U ••1 
«1 , .   . .-I       « S fj o , • •» ; i •: ,   -f i 'ii /J Q 
14 .»lit. ... (< !4 ü w 

80 



WAV£FORM MEASUREMÖITS 

(S)Tlme to First Crossover Versus Yield 

Because it had been observed in previous tests that time to first cross- 
over correlates with yield, consideration of this relation was continued in 
this test. Figure 57 is a plot of Plumbbob observed first crossover tine TF 
vs yiel'd Y, and th.« associated regression curve. The figure also presents 
the crossover-vs-yield reßression curves obtained in the Teapot and Itedwlns 
series. 

The point of first crossover appeared on all of the CWR's and most of 
the SWR's received. In general, there was very little discrepancy between 
the SWR and CWR measurements. However, the faster sweep speed used on most 
SWR's provided for a more accurate measurement than did the CWR's. The cross- 
over time of the SWR was plotted, when it was available, and is Included in 
Figure 57. 

Some of the SWR's did not show initial breakaway from the zero reference 
line, as the delay time was insufficient. For those cases, about half of the 
crossovers plotted, the Tp value was obtained by e;ctrapolation. Use of these 
inadequate measurements may explain some of the scatter of the data. For 
two shots, Newton and Doppler, the CWR measurements were available 'and were 
used. 

Regression Curve 

Analysis from previous tests indicated that crossover time could be 
approximated by linear functions of the logarithm of the yield. The Plumbbob 
regression curve is given by the equation: 

Tp ■ 7.00 log Y + 12.01 (7) 

This was computed by minimizing the sum of the squares of the deviations of 
observed T$  values from regression line values. 

Plumbbob data did not indicate any need for separate regression lines 
L M Wie regression line was based on all ob- 
served events. 

(S)  Predictions of Yield 

If a linear relation between log Y and Tp is assumed, yield prediction 
errors can be minimized by use of the regression of yield on 3^. This re- 
gression is determined by minimizing the sum of the squares of the deviations 
of the actual Y values from those on a theoretical curve.  The dependence 
Indicated is of the form: 

log Y r a Tp + b 

When all Plumbbob results were combined, the resulting equation was: 

log Y ■ .132 Tp - 1.502 (8) 
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rho nrapli of thi.r. oqnitron, not ßhown hoi-a, tfiiT^rc cli^UMy i'vn th.-.t of 
Equp.tion y. 

On the Pliuahbob rcj.'ji^ccion curvo,   chs fit of the pruflict rT  to actual 
yields vno C'JO^/  except for Shot PirlEelllft. 

rredicttonc mn.de on dM br.cio of either rearer si on equation will liave 
an error* which varies with yield.    This is duo to the oc-cntially e;qmential 
character of the relation.    Sithjr equation /jives an error fro.M the predicted 
value of apprcr.ir.iately Y/3 for each mLcrosecond eri'or in Tj,>. 

Fi'cqucncy Analysis 

'U)        Fibres 3^' through ^2 chow the Fourier amplitu'le spectra of a few 
selected transients.    The transients were composed of combined fround and 
shy wave arrivals. 

For each e/ent analyzed^ there is a spectrum of the entire transient, as 
recorded.    This is the resultant vave, includinc the sl^r wave.    Also, for each 
recorded wavefom an assumption was made concerning the ground T/ave appearance 
and the figures chow the assumed ground and shy wave component;:.    Spectra of 
the assumed ground waves are prscented, with the ascuincd gx'ound ;/ave duration 
indicated with each figure.    Spectrum amplitudes were nomaüzed i;ith respect 
to ths ina::inun amplitude of the spectrum of   the combined ground and sky wave. 
Spectra of assumed ground \/aves vrere noi'iiializcd both with respect to their 
peal; amplitude and with respect to the peal; aiaplitucle of the specti-um of the 
combined ground and o!-.y vnve.    Table 10 lists the frequencies with peak ampli- 
tude in each spectrum. 

fe-fRO^  TABLii 10 Mac FiüSC.UiSNCIKS 01 SPUCTKA 

Ground Wave        Resultant 
Spectrum Spectrum 

iSvent* l:c/scc ic/sec 
Vrneeler 28 30 
Laplace 21 3^ 
PranlJLin Prime 22 11 
Fizeau 18 Ik 
Pi'iscilla IS 12 
Smoky 13 11 
Hood Uk 11 

* Listed In order of yield. 

(S)       Spectra of Ground Wave 

The amplitude spectra of the ground i/aves (observed or assumed) which 
were analyzed showed a broad peal; centered about a frequency which varies 
from 10 to 30 kc inversely with yield.    These frequencies are listed in 
Table 10.    These results compare favorably with Teapot results, and with 
results obtained by other observers. 
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(s)       Sivctm of ll.Gu.ltc'.nt Wgwg 

ykvnl.itudo üpcc-ra oi" the raaultout cu   oli'j ai'ouid o.nd cl.y VOVOS ciiou 
MO pcal.üjV/ioh a tteUi^ mtalaMW in the vicJ.nity oi" 20 I.e.    Ttoi frcqurT.07 
related, to the larger peal: 1c lifted unilex* liecultent Cpeotiiini in Tahl'.' 10. 
The miniimun cnei^y Mfjion io attr;ilmted to the arrival at the obaerviri''-; 
atc.tionot of j!:y vave ccmpoiients at ftaqtrateloo near 20 he In pha^e oppocitlcn 
Vlth the cround inve oomponontc. 

Of the two peaks in the amplitude spectra of the rciniltant v/avoforms 
analysed, the lar^r ijeal: ia a fev I'.ilocyeles lovrcr than the ßround wave pc.l-, 
except In two cases.'   Thi exceptions are only those siirnals in which the 
gfUHttd ^vave peaked veiy oloee to th« 20-liC region  (Shots Laplace and Franklin 
Prime).    In these cases, the expected peal: in the resultant i/ave was co.n- 
pletely suppressed due to phase opposition of the components, 

Analysis of the Shot Wheeler ground and sky waves (Figure 53) which were 
visually separable, supports this interpretation.    Wheeler ground and shy 
wave components in the 5-to 35-kü region chowed e,ppro;:imat3ly equivalent 
amplitudes, and Figure 59 shows tint close to 20 kc the components were iBo 
decrees out of phase. 

(C)       Spectrum of Two-Hop Resultant 

In the case of Shot Piaeau, the tira-hop sky wave was observed, and was 
included in a frequency analysis presented in Figures 60 and 6l.    The effect 
of adding the two-hop data was to narrow the bandwidth about the peak fre- 
quency when compared witn the one-hop resultant analysis.    It was genei'ally 
observed that the more cycles or lialf cycles which were included in a fre- 
quency analysis, the narrower was the bandiridth about the peak.    This x/as to 
be ejected from theoretical considerations of Fourier analysis of sinusoidal 
functions of finite duration. 

The lower plot in Figure 6l, which shows the Svcnt Fizeau ground ^/ave 
analyzed   assuming both ijy cycles and 1 cycle, shows the same effect.    Peak 
frequency is the same, within 1 kc, but half-peak-power bandwidth varies with 
the number of cycles.    The ratio of the frequency at which the energy has 
maximum amplitude, to the half-peak-power bandwidth (.70? peak amplitude) was 
approximately equal to the number of cyclea analyzed. 

Field Strength Measurements 

(3)        Table 11 presents field strengths computed from SWR and CWR photographs. 
The values, observed at approximately 830 and 890 ITM, ranged from 0.03 v/m 
to 2.k6 v/m. 

Field strength for the SWR was computed' according to the relation 
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(9) 

where £ = field strength, volts/meter 

S ■ oscilloscope sensitivity, volts/centimeter of Ueflec'lon 

D ■ measured deflection, centimeters 

A s cathode follower gain 

He ■ effective antenna height, meters 

C = vi VI 
Va 

voltage input at cathode follower 
voltage Induced in antenna 

The  setting of S was described in Chapter 3. The deflection D measured 
was that of the first negative peak, the measurement being centimeters (scope) 
zero to peak. A is fixed. C was evaluated using Figure 22. In selecting C 
at the appropriate antenna height, the frequency was taken at 10 kc for the 
events Stokes, Frlscilla, and Hood, and 20 kc for all other events. Ten kc 
closely represents the predominant frequency of the higher-yield devices, 
while 20 kc closely represents the predominant frequency of the smaller devices. 
The actual antenna height was the number of sections listed in Table 12 multi- 
plied by O.76 meter (the length of each section) plus 0.28 meter (the length of 
the tip). An effective antenna height of one half actual height was used. 

(II)  TABLE 12 MUMBEH OP SECTIONS IN DETECTION ANTENNAS 

Event Sandia Capilla LaJoya 
Rustler 
Park  Gleeso 

Beet's 
1 Mine 

Wheeler 7 8 6 6 
Laplace 6 6 7 10 10 
Franklin Prime 7 7 7 
Owens 6 2_ 1 
Wilson 3 5 

Doppler 1 7 
Flzeau 3 If 5 6 6 
Charleston 3 3 3 
Galileo 9 10 11 6 6 
Newton 2 I 
Boltzmann 2 
Stokes 5 $ 
Priscllla 2 3 2 
Smoky It 5 f k If 
Hood 2 3 k If 



For field strenßths measured from CWR films, the observed sicnal de- 
flection vas compared vlth calibration signal amplitudes of known voltage 
input (Vi>c) at the slave cathode follower in a simple proportion: 

ci^oi v. -  Signal Deflection   „ v 
SiGnal Vl S Calibration Deflection X Vl^ 

Then for the signal Vj, 

A typical calibration signal; with frequency 20 kc and V..  ■ 1 volt. 
Is shown in Figure 62. *c 

(C)   Variations Observed 

Some shots were recorded both as an SWR and a CWR. The measurements on 
these recordings indicated that field strengths read from the CWR tended to 
be lower than the field strengths read from the SWR. The average CWR field 
strengths measured about 20^ less than the average of the SWR field strengths. 
Some of this loss may be real and due to transmission via the AN/TRC-29; 
some of the difference may be due to recording and reading variability. An 
apparent gain was observed in two cases, and In several cases the difference 
was negligible. Since a trend of SWR vs CWR values could not be completely 
substantiated, the two methods of reading were considered as two distinct 
readings of the same S value. Iheir average may be considered the best esti- 
mate of the em pulse field strength at the receiving site. 

A variation in field strength from station to station was observed. In 
addition to variability introduced at stations by recording or reading 
problems, there was a lack of uniformity in the data due to changes of an- 
tenna heights. 

There were some cases in which several stations used the same antenna 
height for a given shot. From the observations of Shots Franklin Prime and 
Charleston at the northern stations, some Inferences can be made. These 
show that ground wave field strengths tended to be greater at Capilla than 
at LaJoya, and greater still at Sandia. Since the same station-to-station 
trend in field strength was observed when different antenna heights were used, 
and observed voltages were appropriately corrected, it can be Inferred that 
the theoretical correction factors are reasonable. They do not seem to dis- 
tort natural trends unreasonably. 

The statlon-to-statlon variation in the northern triplet was attributed 
to variations In signal paths, local terrain, and station orientations and 
elevations. It was also observed that ground \rave field strengths tended to 
be greater at the Capilla triplet than at the Oleeson triplet; this also was 
attributec! to terrain characteristics along the path. Gleeson path lengths 
we- i ■• jtually 50 kilometers shorter than the Capilla path lengths. 
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(S)   Variation vlth Yield 

Examinntlon of Table 11 reveals that. In general, there Is a trend to 
greater peak negative field strength for greater yield. The field otrcngthö 
recorded on the SWR's at station Snndia beat demonctrate this. When the 
SWR and CWR data are considered separately at each of the other stations, 
this trend is supported, although not so markedly, principally because of 
the scarcity of data at these stations. Consequently, while it would have 
been preferable to consider SWR and CWR data separately, and data at each 
station individually, it was considered better to treat the waveform re- 
cordings Jointly, by averaging at each station, and also to arrive at a mean 
field strength value for each event by talcing the grand average over all 
stations. Although field strength varies inversely with distance, it was 
considered permissible to include measurements from stations of both triplets 
because of the relatively email difference in distance from the detonations 
relative to the average distance. A further argument in support of combining 
the field strengths is that averaging of several values smooths out random 
variations attributable to paths, terrain, etc. The mean field strength 
values were plotted against yield and are presented in Figure 63. 

Although the plot shows some scatter of points, there is a definite 
trend towards Increasing field strength for increasing yield.  Some of the 
scatter may be explained by the variations in device structure, particularly 
in shielding. For example, although Shot Pi-lscilla was of smaller yield than 
Shots Smoky and Hood, its field strength was greater. This was probably due 
to the fact that Shots Smoky and Hood had some shielding, and Prlscilla had 
none. 

The equation of the regression curve on the graph was determined as 

Y = (69.2) E2-6 (11) 

(S) TIME DIFFERENCE OF ARRIVAL 

The TDK of the signal at the slave stations ira,s computed from the suc- 
cessful CWR recordings. At the Capllla triplet, ten time differences of 
arrival were obtained, and at the Oleeson triplet, six. Precision of measure- 
ment varied with photographic clarity, sweep speed, and with the waveform 
feature utilized. The results obtained are given in Table 13. Although 
tenths of microseconds are presented, time difference«» (AT) are considered 
to be precise only to about ±0.7 usec. This estimate is based on the obser- 
vation that CWR time Intervals were measured to only + 0.5 usec. The dif- 
ference of two such readings is expected to be apcurate to t 0.5 'f?. 

Expected time differences, computed by methods described earlier, using 
coordinates of test sites supplied by AF3WP, are also given in the table. 
The observed AT's differ from computed values by less than 1 usec. The 
average AT error was about ^ usec at either triplet, which is equivalent to 
errors of about 3/k mile in the lines of position at a range of oOC km. 

The presence of sferics noise was a disturbing factor In some recordings, 
particularly Shot Franklin Prime at Oleeson and Shot Doppler at Capllla. 
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(See Flßureß U^b and 55«) Noise prevented positive identification of 
waveform features. Ducpite the distortion on the LuJoya waveform, a time 
difference vas obtained for the event Doppler, This way not be completely 
reliable, but the small error Indicated in Table 13 supports confidence in 
the value. 

(S) LINES OP POSITION AND PIXJSS 

A line of position (LOP) corresponding to each observed AT is shown 
in Fiyire 6U.   For the ceometry of the station and ground zero locations, 
the position error e was approximately l.h mi/usec times the time error for 
either triplet.1'3     The average Capilla triplet LOP error was 0.8 mile and 
for the Gleeson triplet it was 0.9 mile. The position errors are tabulated 
in Table 13; they vary from 0.2 to l.k miles. 

Lines of position were obtained from both the Capilla and Gleeson 
triplets enabling the test sites to be fixed for five shots. Fix errors, € , 
are given in Table 13 and are shown on the line-of-position chart. These 
errors are functions of the crossing angle 0  of the two LOP's, as well as 
of the individual LOP errors, ei and eg. The relation 

6 = "Sitr (ei2 + e22 - 2ele2 c08«1) f12) 

may be used to compute the fix error.    For the geometry of the station con- 
figuration, the crossing angle is approximtely 30 degrees.    The fix errors, 
which ranged from 0.6 mile to k.9 miles, averaged 2.6 miles. 

SKBRICS 

(U)    The continuous wave recording system allowed for the recording of much 
sferics activity, i.e., the atmospheric noise attributed to lightning and 
other electrical discliarges. Because of the fiLn velocity, sferics which 
occurred a few milliseconds apart wore usually well separated on the film. 

The sferics activity at any location allowed great variation in wavefonu 
characteristics, duration, and frequency of occurrence. It waa usually pos- 
sible to identify the waveform characteristics of a particular sferlc at both 
slave stations of a triplet, and It was often possible to Identify the sane 
waveform at the second triplet, about 300 miles away. Tnus it would have been 
possible to obtain lines of position and fixes for mony sferics observed. 
Some statistical data on frequency of occurrence was taken from the samples 
of CWR surrounding each shot and is reported below. There was also a series 
of sferics sampling runs made, which still remains to be analyzed in search of 
criteria for shot-sferics discrimination. ' 

(u)Area of Surveillance 

The chart shown i:i Figure 6k presents only the test area. The area which 
the equipment actually had under "surveillance" during its operation was a 
considerably larger area. Figure 65 shows the surveillance area, which 
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(S)   Fig. 64    Line of position ami fix chart. 
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is discussed in detail in Chapter 5* In this context su'rveillance area 
indicates the area in which a fix could be made for an electromagnetic 
transient signal source similar to the detonation slgnall Boundaries of 
the area vere determined by the oacilloscope sweep durations and the preset 
trigger delay. A sferic was considered to be in the are«ii of surveillance 
of a slave station if the initial portion of its wavefona could be observed 
on the associated oscilloscope, and it was considered recognizable if half 
of the ground waveform was recorded. 

(c)Sferics Frequency 

To obtain some quantitative data related to the probability of locating 
the true signal, some statistical data, presented in Table lh,  was obtained 
on sferics occurrence in those sections of CWR film containing the signal. 
The film uection's analyzed were usually short, ranging firom 20 seconds to 300 
seconds; and the rate of sferics activity varied, with the average time be- 
tween sferics varying from less than 0.1 second to 50 seconds for the 
visually separable sferics sweeps. The  sferics were classified into Initially 
negative-going, initially positive-going. Indeterminate, and multi-sweep. Tb& 
sferics were considered to be indeterminate when the initial portion of the 
signal was not displayed because of the preset sweep delay. 

It must be remembered that the master stations were required to trigger 
the scopes only upon receipt of the negative portion of a signal. This nega- 
tive signal causing the trigger could be from an initially negative signal, 
or it could be the negative portion of an initially positive signal. The 
initial portions of negative signals or sferics from the surveillance area 
were displayed. The beginning of an initially positive-going sferic would 
be displayed if the pre-signal display, which depends on the sferics source 
area and the fixed trigger delay, was greater than the duration of the Initial 
positive portion of the signal. Sferics with initial portions not displayed 
were classified Indeterminate in the table. Indeteiminate signals also in- 
cluded signals originating outside of the surveillance area. 

The sferics were classified Multisweep when many sweeps occurred nearly 
simultaneously and were not visually separable« At the rate of film speed 
used (usually h inches/sec) multlsweeps indicated sferics occurrences more 
than once m two milliseconds. There were many such instances of multlsweeps, 
indicating frequent electric storms. Signal detection difficulties due to 
such storms are not insurmountable. These storms were recorded most frequently 
when the detection equipment was operating at high sensitivity in anticipation 
of detonation signals of low field strength such as those from Shots Saturn, 
Shasta, and Rainier. V/hen strong signals were anticipated, equipment was 
operated at a low sensitivity level, which reduced the number of recorded 
multisireeps. 

V/hen there was a coincidence of occurrence at both slaves, the sferics 
were tabulated under Both Slaves. Sferics iwre tabulated under Both Slaves 
even when the initial portion could be viewed at only one slave. It was then 
classified on the basis of the one initial portion. 

No co'jnt was made of sferics wavesliapes which resembled signals as this 
would have consumed too rauch of the time of a trained evaluator. 
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Tiie tftbulationo show that the average  frequency of cferlco with an 
indication of initially neßative polarity» appeariiiß at both slaveo was, at 
the moxiinum, one in 11 ccconda for the intcrvalo observed. The averace rate 
of occurrence of necative-ßoinc oferics obaerved at only one clave was much 
higher, rcachinß one in 0.7 second. Ilovrcvcr, in Komc areas the desired 
sißnal itself was the only necatlve-Goinc si^Tial in the whole run of approyj.. 
wately 30 cecondo. In the film cectiono campled, the tabulation of all those 
sferics with detenninnble polarity chowed an average of 67^ of the sferics 
were initially positive. In only k out of 18 of these sections was the pro- 
portion of positive sferics less than JJO'/J. These percentages were observed 
even after some positive-going sferics had been eliminated by means of the 
selective trigger circuit. This tends to boar out earlier conjectures of 
the importance of discriminating against initially positive-going sferics. 

(C) SKY WAVE DELAY DATA 

The arrival of the first-hop sl:y i/ave was observed for all shots, and In 
some instances two- and three-hop sky waves were observed. Apparent sky wave 
delays were measured, employing selection of time of sky wave arrival as 
shown in Figures 38 through ^2. Some information was obtained which could 
be of Interest in a study of VLF propagation. (See Low Frequency Propagation 
Chapter 5•) 

When Plumbbob dawn shots observed at a given triplet were considered as 
a group and the first-hop sky wave delay •»ras plotted against yield, a posi- 
tive corx'elation of sky wave delay with yield ;7as observed. Table 15 gives 
the number of minutes after sunrise that detonations occurred. Figure 66 
shows the delay-yield relation which is discussed in Chapter 5 • Agreenenu 
is seen with Operation Hedving observations. Data from the pre-dawn Operation 
Teapot shots \nxB reexamined and this data also indicated such a variation with 
yield. Redwing and Teapot data are given in Table 16. 

(V) TABLE 15  DETONATION TIMES AT GROUND ZERO, IN MINUTES AFTER SUNRISE 

Event Minutes Event Minutes 

Wheeler 26 
Laplace ho 
Franklin Prime 26 
Owens 106 
Wilson 32 
Doppler 23 

Galileo 
Newton 
Stokes 
Priscilla 
Swolty 
Hood 

25 
23 
31 

125 
26 
U 
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(S-I'Tv?)     TAVJ.v;    lö  • ftiB-tfOP sjafWAVE OTüJHir/veionj 

Shot Yield 

Rel vtive 
Location 
of üt-ition 

Observed 
Sly wave 
Do lay 

Virtual 
Ifcirht  Of 
l'onoüijliore 

üOALI. HI 
Gvound 
Wave 
Fi'C.'Ciucacy 

tiXhutoa 
r.efore 
junrls-j at 
Grcju.id Zero 

let usec laa he 

Opei-ation 'Itl-UOT 

Post 
Moth 

3ee 
Apple 1 

1.8 
2.5 

8.1 
15.0 

325 tat BW 
ir      11    11 

290 In s;/ 
11     11   11 

130 

150 
150 

75 
80 

82 
82 

30 
25 

20 
20 

k9 
ko 

it* 

Operation REDl/IIia 

Huron 
MBhsuk 

Dakota 
Cherokee* 

I.'av-ijo 

Kavajo 
Tev/a     1 

075 In SE 
11     11   11 

325 !■ V 
11     11 M 

11          :i    n 

k20 hi S3 
n      n    11 

70 
80 

132 
130 
1*0 

108 
126 

76 
82 

80 
80 
tft 

80 
87 

Id 
Ik 

17 
11 
11 

111 
10 

in 
. 46 

31 
1*3 
U5 

ii-5 
 58 

• 1*300 ft.  altitude 
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CHAPTKR 5 

DISCUSSION 

SYSTEM OPEJiATION 

(C)        Hie continuous wave film recording and timing system was superior to 
the "one-clock" or "two-clock" methods used by USASRDL in Operation Teapot. 
The probability of fixing on a false signal (i.e., oferlcs) was much smaller 
than in the previous test, because the waveform was intimately connected 
with the tijae-difference measurement.    System equipment was much more sensi- 
tive than the USASRDL Teapot equipment, photography was greatly improved, 
and time-difference measurements were more reliable and accurate than id the 
Teapot systems« 

Evaluation of Equipment 

(ü)        Oscilloscopes 

The performance of oscilloscopes was generally satisfactory and reliable. 
Hiere were no failures to obtain data due to oscilloscope malfunction.    Some 
6BQ7A tubes had to be replaced during the tests, but no serious difficulties 
occurred. 

(U) Photography 

The SWR photography was satisfactory. 

The CWR photography was not so successful, and the resulting films were 
often lacking in resolution.    Reasons were:   (a) the film development was not 
instantaneous and the effect of adjustment for the prevailing scope intensity 
was not evident until the film was developed;  (b) It was difficult to focus 
the comsras properly because of the short depth of field resulting from the 
wide aperture, and also because the effect of the adjustment was not im- 
mediately observable;  (c) lens speed, t/2.B,*-m& not fast enough for use with 
the low trace intensity on the oscilloscopes wh.ch was required for sharp focus. 
Another difficulty encountered on several occsfc-s.i.ons was the jamming of the 
film magazine. 

(U) Radio Set AN/TRC-29 

The AN/TRC-29 was satisfactory as a broadband waveform transmission link 
when operated within its rated operating range and when equipment was in proper 
alignment.    Under these conditions the waveforms, except for some high-frequency 
detail,, were faithfVilly reproduced.    With proper alignment, distortion could 
be satisfactorily eliminated.    It would haVe been desirable to have continuous 
AN/TRC-29 operation in order that the equipment be maintained J.n proper align- 
ment, but this was not feasible under the conditions of the test operations. 

At the Olecson triplet the operator's Inability to predict the approximate 
signal strength sometimes forced the AN/TBC to operate with voltages outside 
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of its linear operatinc rancc. This produced ovemodulabion and an inversion 
of the peaks of the pulse. Also, in one case, vhnL apprvcirod to  bo n.  r-xtl- 
fied pulr.e occurred; it is believed that this wan due to a shift of the fre- 
quency about which modulation took place to an extreme of the AN/TKC-29 oper- 
ating ranee. 

(U)   Vertical Probe Antenna 

The vertical probe antennas were satisfactory for receiving tho elec- 
troniacnetic signal ,but there is some uncertainty as to the effective height. 
During the test the actual antenna height was changed by increasing or de- 
creasing the number of sections according to the expected field strength. 
Since effective antenna height is not easily measured, in future use of this 
system it may be advisable to maintain a constant antenna height and vary the 
gain of the cathode follower. 

(U)   Cathode Follower 

The cathode follower had a nearly flat response in the region from 500 
cycles to about 5 Mc at 1-volt input; this bandpass was considered adequate 
for reproduction of the signal. 

(U)   Power Unite 

The high altitude and poor-quality fViel (the gasoline used .generally 
contained water) contributed to low efficiency of the PU-26A/U gasoline- 
driven generators. A great deal of maintenance and repair was required to 
keep the generators operating for the duration of the field test, but 
fortunately no breakdowns occurred at critical times. 

(U)   Time Reference Markers 

The time reference marking system was adequate. Most of the 10-usec markers 
could be detected on the wavefonns and did not produce any noticeable dis- 
tortion. However, the 100-usec markers were sometimes difficult to recognize 
because of poor photographic resolution. 

(U)   WWV as Time Reference 

Using WWV as a real-time reference was not satisfactory for millisecond 
accuracy, but it was satisfactory as a real-time reference to better than .01 
second in half of the cases observed. Some of the difficulty resulted from 
propagation effects. The reception of WWV signals was erratic and it was often 
difficult to distinguish the one-second marking pulse group from the noise in 
the type of visual presentation employed. Moreover, it was necessary to count 
the number of millisecond pulses from the beginning of the oscilloscope sweep 
to the pulse group, a process which gave doubtful millisecond accuracy. In 
addition, relating to real time depended upon recognition of the 59th and 60th 
second pulses of the WWV minute at a reference minute observed at the station 
clock and recorded on the data sheet* 
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With the possibility of error In each operation described above, the 
counter number relation to recorded reference time vas often doubtful. As 
a result, particular sweeps were not always identifie4 conclusively in real 
time without additional time reference information. However, with good 
fiducial reference accurate to + 1 millisecond, synchronism could probably 
be maintained for several hours with an accuracy of ± 1 millisecond. Suf- 
ficient accuracy was inherent in the frequency standard used. With an im-. 
proved frequency standard, accurate synchronization can be maintained longer 

Accuracy of Time-Difference Measurement 

(U)   Timing Markers 

Basic considerations in time-difference accuracy are the accuracy of 
the timing marKers and proper indication of the fiducial reference marker. 

Timing marker accuracy was considered to be very good. Oscillator O-76/u 
which was used to generate the time comb, had good short-term stability. Any * 
short-term variation in the oscillator Itself was of much smaller magnitude 
than the magnitude of any error introduced by oscillograph recordings or 
photographic techniques. 

The lO-usec markers which were used for measuring time intervals had a 
.OS-usec rise time; this rise time was negligible with respect to the inter- 
vals measured. 

(U)   Time Delay Generators 

The time delay generators were estimated by their manufacturer to be 
accurate within 1% of the preset delay. Such generators were adequate for 
ordinary operation because the fiducial-time-marker method of data analysis 
did not incorporate this delay. For the method in which the delay value 
was to be used to obtain a rough £ü! measurement, the maximum error Incurred 
would be less than 3 usec, since each of the two delays was less than 250 
usec. The sweep trigger build-up time was considered to be negligible since 
it was, at most, a few hundredths of a microsecond. 

(U)   Oscilloscopes and Photography 

Oscilloscope sweep speed was a major factor affecting the accuracy of 
time-difference measurements. For a slow sweep tYe  interval corresponding 
to a linear distance measurement is correspondingly larger in time than for 
a more rapid sweep. Since the concomitant errors li distance are the same, 
the errors in time are greater for the slow sweep. Sweep speeds of 20 usec/cm 
did not allow for good timing resolution of waveform features. The 10 usec/cm 
speed vas a better choice for timing purposes, but still not adequate for some 
requirements in line-of-posit ion accuracy. The 10 usec/cm sweep showed a 
readily identifiable waveform, but at best, this waveform could be resolved 
accurately to only about 0.5 usec. 

Photographic considerations also affected the time-difference determination. 
Sometimes oscilloscope trace intensity produced undesirably wide photographic 
traces or bleeding. Thia  contributed uncertainty in the measurement of wavefon» 
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features or timing pips.    This uncertainty, however, was negligible compared 
to the uncertainty caused by slow sweep speeds, explained above. 

(U) Waveform Feature Resolution 

The broadness of the particular waveform feature used for time identi- 
fication was a factor contributing to total error.    The breakaway point 
usually is a sharp and readily identified waveform feature, and therefore 
usually contributes little error.    The pre-signal voltage levels were well 
defined due to the allowed trigger delay.    This contributed a very satisfac- 
tory reference level for the complete signal. 

The first crossover point is another point which was used for     AT 
measurements when the breakaway was not sharp.    Measurement indicated no 
noticeable change in the accuracy of the fix when the crossover point was 
used. 

(C) Propagation Velocity 

An average of observed round-trip propagation time values was   used In 
correcting observed time differences, but there was a day-to-day variation in 
the effective velocity of this retransmitted signal.    However, over these 
short round-trip distances (70 miles), at the AN/TRC-29 carrier frequency of 
1700 Mc, measurement shoved that this variation affected the ground wave 
propagation time by, at the very most,  .05 usec.    The propagation velocity of 
the low-frequency transient from the burst site to    slave receiving sites may 
also have varied due to path conditions and ambient atmospheric conditions; 
however, such variability was not measurable.    A small change in the assumed 
signal propagation velocity would have had no observable effect on the com- 
puted time difference charts. 

If better time-difference measuring accuracies become available through 
improvement in data display and data reduction techniques, it may be desirable 
to measure round-trip propagation time shortly before or after the time of the 
test and use this value in the   AT computation. 

(R) COMPARISON WITH PREVIOUS TEST RESULTS 

(C) Waveforms 

The waveforms observed in Plumbbob closely resembled those observed in 
the Teapot tests by the Signal Corps and NBS. They did not resemble as closely 
the waveforms recorded by the Signal Corps in the Redwing series, which showed 
very great energy at extremely low frequencies. It is possible that the 
difference in shape is attributable to Redwing equipment distortion. However, 
no confirmatory check of the equipment was possible after the Redwing test 
series. It is expected that future tests with propagation over sea water 
will indicate to wliat extent the differing propagation conditions of Plumbbob 
and Redwing contributed to the observed effect. 
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lifcfo (C)Crossover Time Verous Yield 

llie Plumbbob crossover-versus-yleld curve Is similar to the curves 
obtained from Teapot or Itodving results. However, in general, the Plumbbob 
crossover times were nlightly longor tlian Teapot and still longer than those 
for Redwing devices of similar yield. 

An attempt was made to combine all of the first-crossover 
measurements obtained from Operations Teapot, Redwing, and T'iuinbbob, so as to 
fit a universal regression curve. However, it was impossible to fit a single 
regression r-irve that would satisfy all of the observations with a reasonably 
small scatte. . The curves which were fitted for each operation are indi- 
vidually presented in Figure JJ7« 

The Teapot  observations were made at 100 and 320 hmj Plumbbob observations 
were at 850 Ion. From a study of Teapot and Plumbbob data, both involving 
propagation over land, it was apparent that for a given yield the time-to-first- 
crossover measurement increased with distance from source. Propagation over 
land as in Teapot and Plumbbob should have caused greater ground wave attenu- 
ation of the higher frequencies and could have caused the observed longer 
crossover times; that is, the lower frequencies became more dominant with 
Increasing distance. 

In the case of Redwing, propagation took place over seawatei1. The 
attenuation of high frequencies with distance Is greatly reduced because of 
the high conductivity of the path.  One of the regression curves shown is the 
relationship between Tp and yield over seawater for the distances of approxi- 
mately 26 and 670 km. 

Examination of Figure 57 suggests the possibility that a family of re- 
gression curves corresponding to different distances and propagation conditions 
could be developed. Yield predictions based on observed crossover times 
should be made from a curve for the appropriate distance and propagation 
conditions. Using such curves, combined with a knowledge of distance and 
time to first croseover, a reasonable estimate of yield could be made. 

(C) Frequency Content 

Inverse variation of frequency with yield, reported In previous tests, 
is again observed. The frequency of peak ground wave spectrum amplitude is 
generally a few kilocycles lower than the frequency for a device of comparable 
yield observed closer to the Nevada Test Site during Operation Teapot. This 
again indicates attenuation increasing with range In propagation over land. 

Comfxirison of spectra of ground waves with spectra of resultant waves 
showed cancellation in a particular frequency region (20 kc). In some cases 
this produced suppression of an expected spectrum peak. These results made 
clear that interpretation of spectrum peaks must be made with care, and 
phase information should be considered along with amplitude information, 
Wavefom appearance and the time Interval analyzed must be considered In the 
Interpretation. 
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Previous tect results Indicated a relation between frequency of cround 
wave peal; spcctruiiuaraplitude, f-, and wavefom first crossover tlme7 Tp.    It 
had been indicated that the dominant frequency of the ground vuvo apcctmi 
could be approximated from the following formula: 

fP ■ ■#• (13) 

where        f is in kilocycles 
Tp is in microseconds 

Plumbbob results show that the ground wave fL predicted by the above function 
was consistently 1% to 30^ lower than the fl obtained from the ground wave 
spectrum. The formula then should be used only for rough estimates. 

(C ) Field Strength ' 

Original field strength predictions were based on a curve derived from 
previously observed data using inverse distance and direct variation with 
cube root of yield. Most predicted, values were higher than the values com- 
puted from observations by about 50^ of the observed values. The curve in 
Figure 63 should aid in future predictions. 

Because of the great variation in field strengths observed from station 
to station, predictions are not expected to be accurate; the predictions are 
good only within a factor of 2. 

LOW-FREQUENCY PROPAGATION 

(U) Observation of Signal Cancellation 
« 

Frequency analysis showed a distinct cancellation of 20-kc components 
when ground and sky waves combined at 890 km. These observations can be 
added to the snail store of observational data at low frequencies. When com- 
bined with data at other distances of observation, the data provides background 
information for calculations of ground wave phase delay and sky wave reflection 
coefficients. 

Observations of Sky Wave Delay 

IU)    Sky wave delay observations offered data which may be of significance in 
studies of VLF propagation. 

(C)   Diurnal Variations 

There is a variation in sky wave delay time which is attributable to 
diurnal effects. Experiments by Pierce^-" and other experiments reported by 
Waynick1? have indicated that the height of the VLF reflecting layer is 
fairly stable from day to day and season to season, with the main variation 
being a diurnal change due to changes in ion density. Shorter sky wave delays 
are observed as the sun rises in the sky. Event Fizeau, detonated and observed 
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at 09^5/ ßhowa a distinctly shorter sky wave delay, 35 usec, (see Figure k6) 
than many devices of similar yield detonated within the hour after sunrise. 
The low-value sky wave delay for Redwing Shot Inca reported in Reference 2 
is also larßely attributable to the diurnal effect. 

fS-FRD) Variation with Yield and Frequency 

Figure 66 shows observed sky wa/e delay plotted against yield. 

It was assumed that for detonations occurring within 30 minutes of each 
other with respect to time after sunrise (see Table 15), the diurnal variation 
would be small. Under such conditions, the observed trend in the time- and 
distance-grouped observations is an apparent dependence on yield. The ob- 
served effect, showing increased delay with yield, is clearest in the Plumbbob 
observations because of the number of events oh">erved under similar conditions. 
Although the observations show wide scatter, . .ich has not been investigated, 
the delay-versud-yield trend is considered to be real. The yield-delay re- 
lation is presumed to depend mainly upon the variation of signal frequency 
composition with yield and the varying propagation characteristics of different 
frequencies. 

The data in the figure implies that longer delays are associated with lower 
frequencies. Figure 67 shows a variation of sky wave delay with frequency. 
Frequency analysis reveals that the main VLF peak shifts to lower frequencies 
as yield increases. The dominant frequency, slightly lower for sky wave than 
for ground wave, was about 25 kc for a 0.2-kt device, and 12 kc for the 77-kt 
device. Table 10 gives the variation. Combining ground wave frequency value 
from a graph (not presented) based upon this table, with delays for a sequence 
of yields from Figure 66 gave the hypothesized relation. 

(U)  VLF Propagation Models 

The inverse relation of sky wave delay with frequency may be interpreted 
either by assuming that ground wave propagation time varies directly with 
frequency or that sky wave propagation time varies inversely with frequency. 

That the observed effect is attributable to the ground wave appears 
unlikely when consideration is given to calculations made by Johler, Keller, 
and Walters^-" on low-frequency ground wave propagation« Their calculations 
indicate that ground, wave propagation time varies inversely with frequency. 
Such variations, a fe*..' microseconds in the frequency range of Interest, tend to 
oppose the observed trend in sky wave delay. This reasoning strongly indicates 
that the explanation of the observed trend lies in a variation in sky wave 
propagation time. 

To produce the observed effect, the sky wave path length must vary 
inversely with frequency or must contain regions in which signal velocity varies 
directly with frequency. The first alternative implies that the lower fre- 
quencies are reflected from higher layers in the Ionosphere; the second implies 
retardation through an ionized medium of appropriate density. Neither require- 
ment is satisfied by the model of geometrical optic reflection from a sharply 
bounded lonocpherc, as described by J. Walt and A, Murphy^' of NBS, unless 
phase shift at the ionosphere is equated to a time delay in reflection arrival. 
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A treatment of low-frequency reflection by H. Poeverlein2® of AFCHC, which 
Involves skin-depth effects and reflection from sub-layers in the ionosphere 
may provide a more satisfactory explanation of the observed effects. This 
remains to be explored. It Is probable that some propagation model will 
entirely explain the observations. 

(C) EXTUNSIONS OF'lHE AN/GSS-k 

(C)    In at least two cases in Operation Plumbbob, a fix could not be obtained 
because the system had only two triplets. One triplet gave an adequate line 
of position, but noise contaminated the waveforms at the other triplet. Use 
of at least three triplets would minimize the chance of such occurrences, as 
the likelihood of a simultüiiuuus occurrence of offending noise and signal in 
three different areas is expected to be low. A third triplet will increase 
reliability of the complete system. 

Adaptation of AN/OSS-1» as a Surveillance System 

(C)   The success in locating the detonation signal from among the many sferics 
observed on CWR indicates that the AN/GSS-k system may be adapted for use as 
a surveillance detonation locator which could operate without previous infor- 
mation as to location or time of detonation. 

(C)   Sferics-Slgnal Discrimination 

It was generally possible to distinguish the detonation signal from the 
surrounding sf erics with reasonable certainty. One of the most helpful factors 
in dlBcrlminaticn was the sferics polarity. There were generally more initially 
positive-going than negative-going sferics. Of those sferics which bore some 
resemblance to the expected detonation waveform, very few were of the required 
initially-negative polarity. 

Another helpful observation In discriminating between sferics and a 
signal was the fact that many sferics tended to occur In groups of repeating 
waveforms. The two sferics sweeps In Figure US in the first and second lines 
on the picture show almost Identical characteristics. Ttiia repetition of a 
pulse shape within a very short time (considered to be due to multiple dis- 
charges ) is typical of sferics and is an important means of distinguishing 
between sferics and signals. 

Several sferics waveforms were selected which did resemble the signal 
and are displayed in Figures 68, 69, 70. Hie three sferics presented were 
displayed on 500-usec sweeps. Figure 5k shows a detonation signal displayed 
on a similar sweep, which may be compared with the sferics. The sferlc in 
Figure £3a is initially positive, but the general shape is similar to the 
signal received at 500 miles. The sferlc is also presented as it would appear 
with reversed polarity (Figure 68b). The sferlc in Figure 69 is initially 
negative and similar to a signal In appearance, but as the initial portion 
does not appear in both oscilloscopes, the sferlc does not come from the 
general area of surveillance common to both stations. Notice also that this 
sferic shows a very gradual bmikaway for tlie initial negative pulse. This 
has not boon observed for a detonation signal, and was a mocuis of identifyinc 
the sfcsric. 
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The sferic in Figure 70 reoembles the observed sißimls, but thorcs ic a 
low-amplitude positive portion preceding tic  main negative peak clearly 
observable on the signal at the right. This is not seen in detonation signals, 
and vas ofLen seen in sferics waveforms. 

Most sferics bore no resemblance to the required signal shape. There 
seemed to be little possibility that sferics vrliich satisfied the rcquireinentj 
of negative polarity and distinctive vaveform would come from the area of sur- 
veillance, and even less chance of such sferics coming from the siiialler test 
site area. 

Observations by other observers indicate tliat very-high-altitude shots may 
give initially positive-going signals. If. this is borne out it will require 
revision of the polarity approach to signal discrimination. 

(C)  Area of Surveillance 

Some calculations were made to estimate the size of the area of surveillance, 
defined in Chapter h,  which vas actually capable of being monitored during the 
Plumbbob operation (see Figure 65). It was stipulated in Chapter k that the 
initial half of the signal vaveform should be recorded for recogni^ability. 

Assuming a typical signal to be 70-usec long, the requirement is for the 
first 35 usec of the signal to be displayed. At the Capilla triplet, there vas 
a 90-usec trigger delay, so that if a signal arriving at Oapilla, either via 
Sandla or LaJoya, followed by at least     90 usec the arrival of the direct 
signal at Capilla, it would be possible to display the initial portion of the 
pulse. The amount of the signal displayed would depend on the scope aweep 
time. If a 200-usec sweep is used, the pre-slgnal display portion of its sweep 
could be at most 165 usec, i.e., 200 less 35 usec. In this limiting case, the 
signal retransmitted via the slave station arrived 165 plus 90, or 255 usec^ after 
the signal arriving directly at Capilla. Thus, if the time difference of arrival 
at Capilla of the direct and retransmitted signal were between 90 and approxi- 
mately 255 usec, it would be possible to recognize the signal and obtain a fix. 
The equivalent requirements on time differences of direct signal arrival at 
master and slave can be found. 

Since the propagation time between Sandla and Capilla is l6j usec, 

for   TSandia ♦ lö7 ■ Tcapilla ~ 90 usec, 

then  ATcapiHa-sandia < 97 usec, (lU) 

where ^saadia'  etc' indic^es propagation time of the signal from detonation 
site to Sandla, etc. For AT = 97 usec, the oscilloscope would be triggered 
Just In time to record the initial portion of the pulse. 

Also, for a 200-usec sweep, 

for   TSandia ♦ *•? - TCapllla ^ 90 usec + 165 usec, 

then  ATcapilla-Sandia > -60 usec' (15) 
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For AT ■ -68 usec, the oscilloscope display will show about one half 
of the pulse. Similar limitations for the other stations are tabulated In 
Table 1?. 

(U) TABLE 17  AT LIMITS FOR ADEQUATE SIGNAL DISPLAY 

ATCapllla-Sandla 

AT, Capilla-LaJoya 

AT Gleeson-Reef's Mine 

AT, 
Gleeoon-rfustler Park 

200-uoec  Sweep 

-68 < AT < + 97 

.54 < ^T < + 111 

-128 < AT < + 37 

-206 < AT < - '♦I 

    — 1 
100 -jisec Sweep 

-.& < AT < + 97 

-k6 < AT < + 111 

-28 < AT < + 37 

106 < AT < - ifl 

  
- ■ -»- - .    .   . 

^Minimum possible AT is -199 usec. 

Hie area.defined by the four AT lines for the Capllla triplet represents 
the area adequately serviced by that triplet, vith 200-usec oscilloscope sweeps. 
Likewise, the area defined by the four AT lines for the Gleeson triplet 
represents the area adequately serviced by the Gleeson triplet with the same 
sweep time. These areas are shown In Figure 65. The portion of these areas 
which overlaps represents the region for which a fix could be obtained subject 
to the conditions specified. With a 100-usec oscilloscope sweep, different 
AT limits are obtained, and a smaller region Is serviced. The limits are 

given In Table 17/ and the area is shown in Figure 65. 

Referring to Figure 65, it is observed that the area Jointly serviced by 
both triplets is not completely bounded by the lines of position. Circles, 
centered at the master stations, with a radius of 600 miles (more than adequate 
for expected military requirements on the system) will provide the bounds 
needed to describe a finite area. The Inclosed area is approximately 32,000 
square miles for the 200-usec oscilloscope, and 21,000 square miles for the 
100-usec sweeps. The test site area is 400 square miles, or less than 2^ of 
the area serviced within a 600-mlle range of both triplets. 

(0 )^ Difference in Techniques 

The  following differences in objectives and techniques will be noticed 
when the AN/CSS-h is used as a surveillance system: 

1. With approximate time of detonation* not known In advance, it will be 
necessary to analyze thoroughly for signal waveforms all film obtained during 
any required period of surveillance. This will require rapid filn-pi cessing, 
viewing, and measuring techniques. Efficiency will be essential to lolnimize 
backlogs of film. 
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2. With no advance Information on location, exploitation of certain aldo 
used In Operation Plumbbob for rapid slßnal Identification will not be poselble. 
These are the expected approximate time differences and the expected sky wave 
arrival time, with its effect on resultant waveform shape. 

3. The dynamic range of the AN/TRC-29 and oscilloscope will have to en- 
compass signals of variouo strengths, since the expected field strength will 
be another unknown factor. From a low-yield weapon at long distances, to a 
megaton weapon at closer distances, the field strength could change as much as 
90 db. The dynajaic range of the display oscilloscope is about 10 db. The 
system can be modified to provide separate- gates for each class of field strength 
and the output of each gate circuit will have to be such as to satisfy the limi- 
tations of the microwave relay and oscilloscope. 

k.    In a surveillance system the area monitored will probably be large. 
Display of signals from any part in the possible surveillance area of slave 
stations separated by JO miles requires a total CWR oscilloscope sweep of koo 
usec. This limits the accuracy possible with the present AN/GSS-U system, but 
simple improvements will allow the present "friendly fire" accuracies to be 
attained or increased in surveillance, 

5. The problem of signal-versus-sferics discrimination becomes acute in 
a surveillance system. Due to the large area and the wide range of field 
strength to be monitored, more sferics can be "fixed." Because of-the greater 
variety of signal waveforms acceptable) there has been increased chance of 
reporting on sf erics. Some percentage of false reports must be tolerable in 
the surveillance system, if all possible true signals must be reported. 

6. If infonnatlon^ ~i^B required from 
the surveillance system, it may be necessary to add a veryTSst oscilloscope 
sweep to the system so that detailed information on the initial portion of the 
waveform will be available. 
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CHAPTER 6 

(C)  CONCLUSIONS 

(C)   The field test of the breadboard model of Detonation Locator Systean 
AN/GSS-4   during Operation Plumbbob showed it to be a worhablc field siyctem 
which successfully achieved its mission of locating the burst and time of 
nuclear detonations. Information obtained from waveforms, particularly time 
to first crossover, provided for an estimate of detonation yield on-the basis 
of past observations. However, while the M/üSS-k "did the job," it is 
physically large and would require about a dozen trailers for a complete sys- 
tem of three triplets. This would limit the military applications. 

(C)SYSTEM PFtiFORMAMCE 

The AN/GöS-U system concept is adequate and adaptable for tactical use 
by a field ani^y, but system components need development for Improvement of 
operating efficiency and fix accuracy. 

A display suitable for the analysis of the detonation era pulse was pro- 
vided by continuous-film recordings of oscillographs of the transients co- 
incidentally detected at paired stations* The probe antenna and cathode 
follower receiver provided undlstorted signals. The microwave link* was adequate 
for transmission of the broadband low-frequency transients from the outlying 
paired stations to the recording station. 

It was possible to obtain from the detected waveform time-difference in- 
foimation which would give the detonation location. The time-reference marker 
method was adequate, and visual time-difference measurements were accurate to 
better than 1 microsecond. Accuracies were limited mainly by scope sweep speeds. 
An alternate measuring method, the Vernier Time Interval Measuring System, capa- 
ble of measuring time differences to hundrodths of microsecoads, proved too 
delicate to be used as a field device. 

fime of burst eon be obtained to within a few milliseconds. After the 
range has been determined from the fix, an estimate of yield my be made which 
is accurate within a factor of 3» 

( C ) SYSTEM APPLICATIONS 

Plumbbob results and other test results indicate that the electromagnetic 
wave generated by an above-ground atomic or hydrogen detonation can be detected 
at 500 miles with few exceptions. Exceptions occur when low-yield devices or 
heavily shielded devices are being monitored in areas of high sferics activity. 
The em wave from the underground detonation could not be detected at this range. 
No information on high-altitude detonations was obtained in this test operation. 

Only the coincidental reception of sferics and signal, or of two or more 
signals at a station would hamper identification or time-difference raeaeure- 
ments. Tills coincidence would have to be within about 50 usec. With a greater 
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number of juonltorlng stations than was used In this operation, the probability 
of obtaining a location is increased, since shot-sferics coincidence at ceveruL 
stations is unlikely. A mlniimun of three triplets is advisable. 

There were Indications of distinct and measurable characteristics which 
differentiated the detonation signal from most sferics,and possibly all sferics 
at short distances. It should be possible to take advantage of these charac- 
teristics to develop for the system an electronic means of sferics-signal 
discrimination. 

If the system is to be used as a friendly detonation locator, with 
knowledge of the approximate time of burst, success in waveform Identification 
can be assured within the limits of detection indicated above. If approximate 
time of burst is not known, there is some possibility that the signal will not 
be recognized. The probability of reporting on false signals or sferics exists, 
especially when small-yield weapons are being monitored. No measure of this 
probability Is offered in this report, but such a quantitative estimate is 
under study. 

The system may be adapted for use as a surveillance system for enemy 
detonations if requirements for its use can tolerate a higher probability of 
"fixing" on false signals and a lower probability of success for true deto- 
nations than are obtainable for friendly fire detonations. 
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CHAPTER 7 

RlüCOMMEHDATIONS 

(C)    An operational study should be made of other syctcra concepts which 
would lead to a better design of a nuclear detonation locator utilizing 
the radiated electromagnetic pulse. This would have to be a long-time 
development (I960-I963). Work should continue on the AW/GSS-l* as a short- 
term interim system. 

Certain of the following recommendations appear feasible for the 
short-time program. Some of these recommendations also appear applicable 
to any concept of this system. 

(TJ) DEVELOPMENT 

Development of techniques of more rapid data analysis is required for 
an efficient system. It is recommended that a device to reject most sferics 
signals electronically be developed and incorporated into the system. 

For improvement of the current locator concept a camera system which 
allows for Instantaneous film processing should be developed. Means for 
convenient examination of this film should be provided. 

The system should allow signals of various strengths to be tolerated 
without any antenna compensation. Development of a cathode follower with 
a broader dynamic range and/or an input selector system to accept all re- 
quired field strengths should be undertaken. The development of a device 
to compress the dynamic range of the signal for usable display in the 
oscilloscope is recommended. 

Time-difference resolution should be increased for increased accuracy 
of locations. Development of an automatic technique to measure and indi- 
cate time differences of arrival of possible signals is recommended. 
Further   development of a vernier time interval measuring system to obtain 
great fix accuracy should be undertaken. A minimum amount of development 
will be required to stretch out the CWR oscilloscope display for improved 
accuracy, e.g., progressive display of signal on cascaded scopes. Improved 
display of the marker pulses is also recommended. 

Station synchronism should not Involve WWV time signals. Use of 
synchronisation pulses generated within the system is suggested. A signal 
from some known signal-generating event may possibly be utilized. 

A three-triplet rather than a two-triplet system is recommended for 
Increased system reliability. 
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(ü) RESEARCH 

Studies should be undertalcen to obtain the background required for the 
above recommendations on system development. These Include: 

A study of system concepts, with the aim of developinß a more 
compact locator system utilizing advanced techniques of communicating, 
measuring, recording, and synchronizing. 

Further studies of sferics, concentrating on the characteristics 
of sferics fixed at positions less than 600 miles from stations. 

A study of field strengths observed at the detection stations, for 
possible diagnostic information. In this connection, the effects of ground 
constants on low-frequency signals should be studied to obtain more reliable 
field strength Infozmatlon, studies of effective heights of probe antennas 
should be made to determine causes for variations in effective height, and 
studies of other antennas for their possible advantages should be undertaken. 

(C)TEST OPERATIONS 

Participation in nuclear tests should continue for development testing 
of equipments, and to obtain additional information on the em pulse. If 
tests do not continue, it Is recommended that a means of signal simulation 
be developed to test equipment in systems. 

Inclusion In nuclear tests of detonations scheduled during thunderstorm 
activity is suggested, to test the system under adverse conditions. Hie 
inclusion of more air bursts and bursts at various times of day are recommended, 
to study the effect on the em pulse. 

It is recommended that more complete background information (viz., 
shielding, weapon description) on the scheduled events be available to 
technical personnel during the tests. Improved liaison with the field 
command on shot scheduling is also desired. It is recommended that a 
liaison man be assigned to the Nevada Test Site Command to furnish data to 
the remotely located test stations. 

It is recommended that, for adequate training, military personnel who 
are to participate in a USASRDL project In a scheduled test be made available 
six months prior to moving to the field. 
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(TO APPKNDDC 

MEASURING A TDA WITH THE VTIM 

The block diagram of tho system for measuring time differences of arrival 
vlth the Vernier Time Interval Measuring System Is shown In Figure Al. Its 
operation Is explained below. 

The electromagnetic pulse received directly by the master station gates 
the VTIM to accept the retransmitted pulses subsequently received from the 
two slaves. The first pulse starts a system of electronic counters In the 
VTIM; tho second pulse stops the count. The resulting count gives the time 
Interval between the two retransmitted pulses. The start pulse can come 
from either slave and the VTIM Indicates which slave sent It. 

Because of the relatively slow rise time of the electromagnetic pulse, 
an Inaccurate time Interval Is Indicated If the VTIM is triggered by this pulse, 
since It cannot be known with certaiuty at precisely which point of the pulse 
rise the count Is triggered. To obtain an accurate reading of the Interval, 
It Is necessary to start and stop the VTIM with a pair of pulse ticks having 
a negligible rise time, and to know when (at which point on the signal rise) 
these ticks are generated. These ticks are provided by the Dumont kokR Pulse 
Generator, the output of which has a rise time of 0.02 usec. Errors due to 
any variations In trigger level of the VTIM can be neglected. 

The following Is the sequence for marking the start time. The technique 
for marking the stop time la similar. 

(1) The direct electromagnetic pulse Is received at the master station 
by the cathode follower receiver. The trigger output of the CF is fed to the 
time-sorter section,which then gates the Input to the VTIM for a period of 
time sufficient to permit arrival of the retransmitted electromagnetic pulse 
from both slaves. This technique of gating has the effect of increasing the 
signal-to-noise ratio, by reducing the number of false triggers to the VTIM. 

(2) The first signal to arrive from either slave starts the timing of 
the Interval by causing one of the kÖkR Pulse Generators to generate a sharp 
pulse, thus Initiating the count on the VTIM. 

(3) Now the output of the UOkR and the first retransmitted signal are 
nixed together In the cathode follower mixer and the composite signal Is sent 
through approximately 1000 feet of flG-9/U coaxial cable to provide a delay. 
The delay penults the first retransmitted signal to trigger the sweep of the 
oscilloscope so that the leading edge of the composite signal can be displayed 
and photographed. 

Figur« A2 shows the composite waveforms which consist of the Initial 
portion of the signal and the sharp start marker pulse of th* kOhB Kdse 
Generator. The sharp master pulse represents the Instant, &&,  at which the 
count Is Initiated on the VTIM system. 
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The following is the procedure for measuring signal time differences 
using the VTIM: 

(1) The VTIM output, V, can be read from a cc •' or. 

If ve call the time of the stop pulse 83, and the time of the 
start pulse SA,, 

then 
v = sB - sA. (Al) 

(2) Since it is desired to measure the time between the points of 
signal arrival, or signal "breakaway," the proper correction must be measured 
manually for each waveform and applied to the VTIM reading. 

BA and BJJ represent times to the start and stop pulses, respectively, 
from signal breakaways. The value for the difference in arrival times of the 
retransmitted .signal pulse breakaways is 

[(8B - V - (8A - B^ or [v ♦ (BA - B^ 

(3) The desired value is the time difference of signal breakaways at the 
slave stations. A correction must be made for retransmitted signal propagation 
times, PA and Pg, from slave A and B respectively to the master station. The 
desired time difference, ATB_A, time at slave B - time at slave A, is 

AT. B-A 
s V ♦ (B. - BJ ♦ (PA - PJ. "B B' (A2) 
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